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INTRODUCTION

A series of Technical Liaison Groups have been formed for intra-
NASA exchange of technical data related to the Apollo project. This
paper presents a series of selected excerpts from the minutes of the
January 1961 meetings of these groups believed to contain technical
data of particular interest. It should be noted that in many cases the
discussions presented are not complete, that some .of the concepts pre-
sented evolved during the course of the meeting and are subject to
further checking, and the numerical data included may be in error.
Extreme caution should be used in applying such data. On the other
hand, it 1s felt valuable to meke this information available at the
earliest possible date, in order to expedite progress in the Apollo
studies by making those persons concerned with the studies aware of
the general value, extent and availabllity of the work being undertaken
within the NASA.

The membership is composed entirely of NASA personnel from
Space Task Group, the varlous research and flight centers, the Jet
Propulsion Leboratory and NASA Headquarters.

The excerpts are presented in a separate section of this report
for each Technical Liaison Group. All referenced figures, tables, and
report titles will be found in or at the end of that section in which
they are referenced rather than at the end of this paper. The numbering

systems will be found to be consistent within each sectlon, but not
necessarily between sections.

There are nine Technical Lialson Groups:
1. Trajectory Analysis
2. Instrumentation and Communication
. Mechanical Systems
Heating

Guidance and Control

Configurations and Aerodynamlcs

Human Factors

Onboard Propulsion

O O N O =

. Structures and Materials
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EXCERPTS FROM
TRAJECTORY ANALYSIS

APOLLO TECHNICAL LIAISON GROUP MEETING
January 21, 1961
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Space Task Group (STG).-

a. Summary report.-

(1) Longitudinal range study for reentry at near-escape speeds.-
A study is in progress to show the general characteristics of the
longitudinal-range capabilities for reentry at near-escape speeds. The
controllable longitudinal range is defined and the longitudinal range and
controllable range determlned for a range of L/D's from 0.2 to 0.7 and
W/CDAJs from 25 to 100. The study assumes reentry from equatoriasl

west-to-east orbits and constant aerodynamlc characteristics for the
reentry vehicle with both Mach number and angle of attack. The results
to date Indicate that consliderable longltudinal range control can be
obtained with vehicles having low L/D's at the expense of reducing the
corridor depth and bouncing out of the atmosphere. For an L/D of

0.35 and W/CDA of 50, the range to touchdown from 400,000-foot altitude

could be controlled from a maximum of 5,760 miles to a minimum of
1,440 miles with a corridor depth of 30 miles.

(2) lateral range studies for reentry at near-escape speeds.-
A study is in progress to show the lateral range capabilities for
reentry at near-escape speeds for reentry vehicles having L/D's of
0.3%5 and 0.5 and W/CDA of 25, 50, and 75. The study is for equatorial

reentry west-to-east and assumes aerodynamic characteristics constant
with Mach number and angle of attack. Results to date show that for
constant bank angles initiated before reentry, the lateral range is a
function of both longitudinal renge and corridor depth. For an L/D of
0.35, & maximum lateral range of 350 miles was obtained at a longitudinal
range of 4,350 miles for a corridor depth of 30 miles. It was noted

that at longitudinal ranges of 12,000 miles there was little or no
lateral range.

(3) Manned lunar landings from lunar orbits.- A study is in progress
to determine the velocity and fuel requirements necessary to make a
soft lunar landing from lunar orbits of various altitudes. The study
will consider both horizontal and vertical contact. Preliminary results
indicate that the incremental velocity changes required to descend from
low-altitude orbits (50 to 100 nautical miles) is not greater than that
for soft lunar landings from collision trajectories. However, descent
from orbits with apocynthions of 1,000 nautical miles requires up to
1,000 ft/sec more retrovelocity.

b. Reentry control study.-

One of the requirements of a satisfactory space vehicle is that it
be able to return safely to earth to a predetermined point. In order
to accomplish thils point return, it is necessary that the space vehicle
be designed with enough rande control on reentry to correct for variation

i



6 -

such as navigation errors in the return position and for errors during
reentry resulting from variation in the earth's atmosphere, To obtain
information on the range control capabilities of lifting vehicles, a
study was maede of the effects of L/D and corridor width on the control-
lable range. Controllable range is defined as the overlap in the ranges
that can be obtained at the top and the bottom of the corridor, as
illustrated in figure 1. The bottom of the corridor is defined by the
steepest reentry which will not exceed a given maximum decceleration.
The trajectory at the bottom of the corridor is obteined by holding
maximm positive L/D until the maximum deceleration point is passed
after which the 1ift can be modulated to provide range control. For
the shortest range, the maximum deceleration is held constant until
nearly touchdown. Tor maximum range the L/D was held constant until
touchdown.

The top of the corridor is commonly defined by the trajectory which
reenters in one revolution around the earth when full-negative L/D is
applied; that is, the boundary between multiple- and single-pass returns.
This definition in itself states that the minimum range at the top of
the corridor is 25,000 miles. It is apparent, therefore, that with
this definition for the top of the corridor, controlleble range can only
be obtained at high L/D's.

The first step in the range control study, therefore, was to examine
the range characteristics near the top of the corridor. Figure 2 shows
the results of the analysis of the range for full-negative L/D held
constant to touchdown., It is observed that as the reentry angle is
decreased, the range increases glowly and then brakes very sharply. It
1s observed that the range jumps from about 20° or 1,200 miles to 360°
or 25,000 miles with less than 0.1° change in reentry angle. The top
of the reentry corridor can be defined to correspond with this brake in
the range curve with the loss of less than 1 mile or 0.1° in corridor
depth. We gain, however, a considerable overlap in the ranges at the
top and bottom of the corridor.

With this definition of the corridor in mind, an analysis was made
of the controllable range; that 1s, the difference between the maximum
range at the bottom of the corridor and the minimum range at the top
for range L/D's end meximum deceleration levels. This study was made
for equatorial reentries in an easterly direction. No restrictions
were placed on the vehlcle in respect to the altitude of bounce as it
was desired to analyze the maximum capability.

The results of the study are shown in figure 3. There is presented
in figure 3 the controllable range as a function of corridor depth for
L/D from C,3 to 0.7 and maximum total deceleration from beg to 10g.

The results show that for L/D of 0.4 and a maximum deceleration of 6g,
the controllable longitudinal range would be about 13,000 nautical miles

=Y
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and the corridor about 28 miles. It is apparent that considerable con-
trollable range is available in L/D region of 0.3 to O.4 even at the
high g reentries.

The results shown in figure 3 are for EHE. of 100. Preliminary
' D

results for of 50 indicate that the general picture is about the

W
CDA
same., However, there is likely to be some increase in the controllable
range at the lower ballistic number. The results at a ballistic number
of 50 are now nearing completion.

In general, the long ranges are associated with a skip off the top
of the atmosphere. This skip at times results in a bounce at very high
altitudes. ©Since there is some concern as to additional passes through
or into the radiation belt, an indication of the altitude of bounce is
shown in figure 3. The vertical line represents the conditions-for a
bounce to 500-nautical mile altitude. Ranges.to the right of this line
are associated with a bounce to higher altitude with the extreme range
at L/D = 0,7 going to 4,500-nautical mile altitude. Ranges to the
left of the vertical line are associated with bounce altitude of less
than 500 nautical miles, For 10,000 controllable range, the bounce
reaches an altitude of less than 250 nautical miles.

Ames Research Center (ARC).-

a. Summary report.-

(1) Trajectories.- The abort trajectory work was summarized using
a set of figures which illustrated V requirements as a function of
various parameters for returning to the earth as any time during boost.
This work was done by Robert Slye of the ARC 3.5-Foot Tunnel Branch.

The atmospheric-entry work reported was on the "Effect of Lateral
and Longitudinal-Range Capability on Reentry 'Window' for Lunar Mission.'
This work illustrated means of defining tradeoffs between midcourse-
guidance accuracy and L/D. The work was done by Al Boissevain of the
ARC Supersonic Free-Flight Tunnel Group.

The circumlunar trajectory work reported referred to a paper
entitled, "Some Characteristics of Ballistic Circumlunar Trajectories."
The work was done by the Guidance and Control Branch.

Some results regarding implications of direct ascent and point return

on characteristics of trajectories were reported. This work was done by
members of the Guidance and Control Branch,

- i
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(2) Navigation.- The navigation work reported was in the two areas
of midcourse and entry. The discussion on midcourse area was as follows:

(s) Errors in determining position along & reference trajectory

for three optical instrumentation methods.

(b) Circumlunar navigation accurecy using Kepler's lews of
Orbital Motion.

(c) Optimal smoothing for optical measurements.

(d) Velocity and position sensitivities for certain reference
trajectories. No written reports are available on subjects (3) and
(k) at the present time. IRough block diagrams and graphs were used
to describe the subjects. The above work represents some current
efforts of the ARC Guidance and Control Branch,

(e} The atmospheric entry navigation work reported was on &
system which is under study by the Flight and Systems Simulation
Branch. The work was done by R. Wingrove of ARC Flight and Systems
Simuletion Branch.

b. Effect of lateral and longitudinal range capability on reentry
"Window for lunar mission.-

Figures 4 and 5 are presented to illustrate, for a target latitude
of 550, the allowable variations in the time of reentry and/or orienta-
tion of the orbital plane for various latitudes of vacuum perigee.

The following is a brief explanation of the geometry, methods, and
assumptions of a preliminary analysis of one of the problems of point
return from the lunar mission.

The geometry and notation used are shown in figure 4, This figure
represents the northern half of the celestial sphere on which is super-
imposed the orbital plane. The vacuum perigee and the point of entry
are shown on the orbital plane. B is the angle between the equatorial
plane and the orbital plane. At values of f less than the target
latitude, there are no points in common between the orbital plane and
the target latitude.

The target latitude represents the locus of positions of the target
during the course of a day. The position of the target can be defined
by the latitude of the target and the elapsed time since the target was
in the plane of the zero-right ascension. (The celestial sphere does
not rotate with the earth., A line from the center of the earth toward
the star Aries and the polar axis defines the plane of zero-right
ascension.)

- '™
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The vacuum perigee and the orbital plane of the lunar return tra-
jectory are fixed relative to the celestial sphere and are indeprivient
of time. The earth rotates, however, making the target's position
relative to the vacinm perigee and the orbital plane time-dependent.

It is assumed that the range capabilities of the vehicle can be
represented as a long, narrow rectangle of *500-mile lateral range
and a longitudinal range starting at 2,000 miles from entry and exten-
ding to 5,000, 7,500, and 10,000 miles from entry., This is a conserva-
tive statement of the capabilities of an L/D = $0.5 vehicle if the
entry velocity is 36,000 ft/sec and if the vehicle is allowed to skip
to an altitude of not more than 400 miles. Further work is being done
to obtain an accurate boundary of range capabilities for a number of
values of L/D 1limits and values of entry velocity. One further simpli-
fication was made; namely, that the earth does not rotate during the
period of the reentry. The effect of this simplification is to freeze
the relative positions of the target and the vacuum perigee. Removing
this simplification will warp the results presented here, but will not
seriously affect the conclusions. Entry time for a 5,000-mile range is
of the order of 195 minutes.

Still referring to figure 4, the intersection of the locus of
possible landing sites and the target latitude describes the possible
target positions at which a landing can be made. This variation of
possible target sites gives freedom in two dimensions: one is the
orientation of the orbital plane; and the other is an allowable error
in the time of return, since the location of the target along the target
latitude is time-dependent.

The range of allowable orbital-plane-orientation angles and /or the
difference in the longitude of vacuum perigee and target can be computed
for various values of vacuum perigee latitudes. In figure 4 the differ-

ence in these longitudes is defined at Tt - Tp. This difference is

positive when the target longitude is displaced, as shown relative to
the perigee latitude, when the target is east of the vacuum perigee.

Since the earth rotates at & rate of 150 per hour, the angular
difference in longitude is expressed as an equivalent difference in
time in the rest of the analysis.

For the assumed target of 550 North Latitude, figure 5 shows the
allowable values of the orbital plane orientation and effective time
difference between the target and vacuum perigee that will permit the
vehicle to intersect the target. The centerline of the plot represents
the locus of these points for a vehicle with no lateral range capability.
The area between the curves shows the allowable values assuming a vehicle
with a lateral range of *500 miles. The hatched boundaries are the

B —nonemee
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restrictions imposed by the available longitudinal range. Entry was
assumed to occur on the orbital plene 10° before vacuum perigee is
reached, This corresponds to an entry angle of 5.

One crample 1o deserived.  Assume that the vacuum perigee will be
at 20° North loabitnde and at a given longitude in the celestial sphere.
(The actual value of i longitude has no bearing on the solution,
since a relative lifferernce in longitude is determined. ) Assume further
that the orbital plane is oriented al LG irom the equatorisl plane,
Oueciion:  Whoat will be the allowable error in time of entry for a target
at 35° North letituder Answer: Trom figure 5(e), at o B of 40° and
looking ivst at the condition of no iateral range capabillity, the
cenberline o the plob, Lhe tarcst lTonritude must be O bovrs in advance
of the vacuum e fpee Lol Lo, Veeanse of the wurth's votational
rabe o 157 per bour. thilo is eyuivalent to a displacement of the target

longitude 0% o0 the cost of bthe vacuun perigee longitude. The target
. Lo O . ) }
can also he L7 howrs Tooadvaseo, or 100,57 further to the east, Note

that the curves ave cye bl with o period of 24 hours.,  With the lateral
and 5, 000-mi'e lopy itvdinal range capabhlility doscrvibed previcusly, the
sllowvable target Longitude can be anywiero Jrom G, hour in advance of
the vacuaum perigee to 7 hours in advance - that is, from 12° to 115¢
further eastward. [T the longitudinal ransze is incrcased to 7,500 miles
from entry, tho tavset position could lead the perigee by 8 hours, or
120% purther o fhe cosb. A Bhe cowe time, the aliowable orbital plane
orientuiion, B, can vary vetween limite, 1If, at entry, the tarpet ic

2 hours in advance of the vacuum perigee, then B can have any value
from 500 to 5&0. When the target longitude is west of the vacuum perigee
longitude at the time of entry, the orbital plane orientation must be
greater than 90°, as is indicated.

c. Abort-rocket requirements for escape trajectories.-

Failure of the propulsion system for the manned lunar mission at
velocities greaber than satellite speed may leave the lunar vehicle on
a highly elliptical orbit with subsequent long exposure time of the
crew to the radiation belts. Direct retrothrust at escape velocity is
clearly expensive in terms of rocket thrust as over 10,000 fps is
required to reduce the velocity to satellite speed. Counsider instead
a direct return to earth by using the abort rockets in such a manner as
to deflect the trajectory into the earth's atmosphere., If the boost
trajectory is low, the abort-rocket reguirements are considerably less
than those required for direct retrothrust, and reentry into the atmos-
phere ig similar to a normal return from the moon at escape specd along
the overshoot boundary.

Figure 6 shows a typical three-stage boost trajectory which reaches
escape velocity at 500,000-foot altitude with & horizontal flight path.
Notc that the altitude reached earlier in the trajectory is considerably

—
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higher than the burnout altitude. This is characteristic of booster
systems which have a long burning time and resulte in a burnout point
at a low altitude from which s direct return can readily be made. An
abort rocket AV of the order of 4,000 fps applied in the direction
indicated on the figure 1s sufficient for reentry along the overshoot
boundary for a reentry vehicle of m/CDA,= 5 and L/D =0 and the

reentry 1s completed in a single pass.

Figures 7 to 10 show the effect of the reentry venicle parameters
m/CDA end L/D as well as the effect of the rocket flight conditions

at burnout. The AV required is reduced if the vehicle has a high-
drag loading or uses negative 1ift, but the effect is small in compari-
gson with the importance of keeping the altitude and the flight-path
angle low at burnout. TFor nominal reentry vehlcle and a boost tra-
Jectory with burnout at escape velocity with a zero flight-path angle,
the abort rocket AV required increases rapidly with burnout altitude
and is approximately 2,000 ft/sec at 300,000 feet, k4,000 ft/sec at
500,000 feet, 6,000 ft/sec at 900,000 feet, and 8,000 ft/sec at & burn-
out altitude of 1,500,000 feet. The penalty for a positive flight-path
angle at burnout is over 500 ft/sec per degree.

There 1s a lower limit to the altitude at burnout since drag effects
at escape speed may be significant if the boost trajectory traverses
lower altitudes. This has been found to be about 300,000 feet.

Figure 6 also shows an abort reentry at suborbital speeds; the
so-called maximum g &bort. The critical area in the boost trajectory
tends to occur in the velocity range from 14,000 to 16,000 ft/sec where
the subsequent reentry decelerations are severe 1if uncorrected. The
optimum point for firing the abort rocket is not at the fail point but
. just before reentry. TFor the example shown, a AV of 3,000 fps is
gufficient to reduce the reentry deceleration from 18g to Bg for a
reentry vehicle of L/D = 1/2. However, it has been found that the
maximum g abort-rocket requirements are usually within the capability
of the required AV for the escape-velocity point.

d. Atmospheric-entry navigaetion simulation.-

This report concerns systems to gulde maneuverable vehlcles to a
desired touchdown point through a planetary atmosphere without exceeding
arbltrary temperature and acceleration limits. The concept of using
perturbations gbout a fixed or stored trajectory has been considered in
meny studies, figures 11 through lh, for example., These studies have
shown that successful touchdown control with good precision can be
achieved if the actusl initial conditions of the entry are sufficiently
near the stored values and if enough perturbation varisbles are used.
The fixed-trajectory method is inherently limited, however, to the

TR



12 o 1

conditions and situations stored in the system.

Guidance systems for advanced missions may have to cope with quite
wide variations in abort and entry conditions as well as nonstandard
and difterent atmospheres, This has stimulated interest in the possi-
bilities of more "universal" concepts that do not depend on stored
conditions but rather continuously couiwle or predict the future tra-
Jectory from the present actual condicions, In addition to greater
pencralily, a continuous prediction concepl might possess advuntages in
deviving and displaying hazardous flipht regimes and in computing the
totul maneuvering capability to cnuble the controller to decide upon
alternate flight paths or destinations more easily.

From experience with rire-controil systems, it 1s irserred that one
of the wmajor problems in a continuous prediction system will be the
torm of the equations used as a basis for the prediction computer. A
satisfactory compromise must achieved between the conflicting recuire-
ments for a reasonable amnount of computling equlpment, accuracy, speed,
and realistic input informstion. Yo gain insight into these questions,
& research program has been conducted with threc goals: (1) o develop
a continuous trajectory prediction technique; (2) to develop a display
and control system to use the information generated; and (5) by means
of an analog simulation to see how a pillot or automatic control might
be used to close the control loop.

TFor clarity, a brief description of the final system concept is
presented prior to the general discussion of the prediction equations,
the display and control system, and the simulation results,

Flgure 11 is a block diagram of a guidance and control loop using
the concepts studied in this report. An inertial platform and navi-
gation computer continuously measures and computes the present flight
conditions and destination information to feed to the prediction
computer. The prediction computer continuously computes the maximum
maneuver capability with respect to the destination (or destinations),
and feeds this information to an automatic control system and a pilot's
display. DLither the automatic control system or the pilot, through an
override, controls the vehicle to acquire and keep the destination in
the center of the maximum maneuver-capability envelope.

The elements considered in this report are the prediction computer
and display. The function of the prediction computer is illustrated
by figure 12, A typical reentry phase is used for convenience., From
the present vehicle condition, trajectories are computed for three
constant trim values: maximum, minimum downrange, and maximun cross-
range which are used to define a "footprint" showing maximum maneuver
capability. The important point is that the differential equations
of motion for the trajectories are solved by a "fast" computation in
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the airborne computer so that repetitive solutions are made continuously
for the changing flight conditions.

The desired destination is also referred to in figure 12. This
information is located with respect to a nondimensionalized maximum
maneuver boundary and presented to the pilot by the display shown in
figure 13. Thus, the pilot, by noting the destination with respect
to his maneuver capability, can meke a choice of control inputs.

Limits may be imposed on the maneuver capabllity of a particular
vehicle in the form of acceleration or heating bounderies or in the
form of conditions where the vehicle will "skip" out of the atmosphere
in an undeslred manner. With the repeated prediction of total tra-
jectories by fast computation if any of these limits are encountered,
this can be indicated on the display as in figure 13 or fed to the
automatic control system.

A guidance system for meneuvering vehicles within a planetary
atmosphere has been developed using the concept of fast, continuous
prediction of the maximum maneuver capability from present conditions
rether than a fixed-trajectory technique. A method of display and
control was developed which compares desired touchdown points with
the maximum maneuver capability and heating or acceleration limits,
80 that a proper decision and choice of control inputs can be made.

A piloted analog simulation was used to demonstrate the feasibllity
of the concept and study its application to control of lunar-mission
reentries and recoveries from aborts. A repetitive solution time of
5 seconds was adequate for reentries from satellite speeds where condi-
tions were not changing rapidly, but for lunar missions a faster solution
time will be necessary. The regions of entry conditions leading to
control-sensitivity problems were defined. The simulation was also used
to define the ground areas that would be attainable during typical
entries using this method of guidance control for a vehicle with moderate
1lifting capability (L/D = 0.5 - fig. 14).

Marshall Space Flight Center (MSKFC).- Due to the strong interrele-
tionship of trajectory analysis with such areas as vehicle control, path
guidance, structural and heating constraints, pilot-sbort reguirements,
launch restrictions, and mission requlrements, the approach at MSFC to
the trajectory problem is a procedure of continuously increasing inte-
gration of the requirements into the flight profile, to arrive finally
at optimum solutions.

The following list of fields of activities points out this endeavor.
A full integration, however, is not possible, since some essential fac-
tors have not been defined (e.g., reentry'body).

P Y
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a., Flight analvsis.-

For the Saturn C-1, as well as the C-2, continuous trajectory anal-
ysls is going on, incorporating the latest information. All studies
are made by means of calculus-of-variation methods. Profiles are
established for:

(1) Circular-orbit missions (C-1 and C-2)

(2) Lurar missions (C-1 and (-2)

(%) Reentry test missions (C-1)

(4) Block I and Block II missions (C-1)

The following variations are studled where applicable:
(l) Variations of injection altitude

(2) Variations of minimum altitude during high-velocity history
(for heating)

(5) Variations of injection-path angle (for lunar missions in view
of sbort studies)

Three-stage Tlights, as well as four-stage flights, are being
studied, For all missions, the best ratio of propellant loading is
being investigated. Special consideration is given: (1) to the
vehicle-control limitation during first-stage flight, (2) to the
separation problem at the end of first-stage {lights, and (3) to the
engine-out situation in the first-stage flight. Also, viewpoints of
flight interruption by circular-parking orbits are investigated, for
achieving simultaneous optimization of azimuth and pitch of injection-
velocity vector., Studies are made toward optimum operational schemes
and associated propellant requirement for aborts from the powered
phases leading toward circular orbits (C—l) and lunar flights (C—E).
Trajectories with various end conditions as to path angle and altitude
are investigated for the lunar mission. Data related to these studies
are available and a related publication is in preparation, For the
early reentry test flights (8A-7, OA-8, SA-9, and SA-10) the analysis
covers investigations of best flights to different reentry point ranges.
The loss of payload with increasing range has been established. (A
report is in preparation.)

Circumlunar flights have been established on two celestial models:

(1) On the Jacobian restricted three-body model, the characteris-
tics of coplanar flights have been studied, especially to establish
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the sensitivity of return conditions to injection variations. This model
also has been used to study the efficiency of corrections during any time
in flight for corrections of return conditions. Also, the effect of
uncertainties of the astronomical constants on the return accuracy was
investigated. An estimate of total propellant requirements for midcourse
corrections to deal with injection errors and the astronomical uncertain-
ties was reached. (Report No. MNN-M-AERO-3-60),

(2) On the true ephemeris model for a particular launch time,
(early l96h), a specific three-dimensional circumlunar trajectory has
been established, taking into account the geography of launchings from
the Atlantic Missile Range and of return between the Atlantic Missile
Renge and Ascension Island, Influence factors for injection errors and
a possi?le correction scheme has been discusced. (Report is in prepa-
ration.

An investigation has been started of possible schemes and associated
propellant requirements for immediate return st any point on the circum-
Junar flight.

In connection with the planned, unmanned landings on the lunar sur-
face, as being prepared by Jet Propulsion Laboratory (JPL) powered
ascending trajectories and also free-flight trajectories have been
established for a particular time of the mission. Coefficients of
sensitivity have been established, Landing schemes for unmanned flights
have been proposed. (Report will be submitted to NASA Headquarters in
the spring of 1961, combining MSFC and JPL activities. )

A comprehensive analysis of atmospheric reentry flights for initial
velocities appropriate for return from circumlunar flights had been
followed through. Body characteristics were covered from
W/CLA = 50 1b/sq £t to 500 1b/sq ft, with maximum L/D of 0.5. Constant

1lift, as well as 1ifs¢ modulation, was applied. For maximum deceleration
limits and skip limitation, the tolerance of reentry angles was estab-
lished in reference to a reentry-point altitude. Range variations
achievable by maximum 1ift variations in the limits of specified decel-
eration and skipping altitudes were established for each reentry angle.
Also, the exchange of cross-range corrections against longitudinal
corrections was numerically studied. The area of landing points, common
to all reentry trajectories of varied reentry angles, reflects back to
an allowable spread of reentry points in longitude and latitude asso-
ciated to the full reentry angle regime (50). Widening out the geo-
graphical area of the reentry point requires a narrowing of allowable
reentry angles. The consideration of their mutual relationships leads
to the definition of the "reentry manifold," a surface in the parameters
of position vector, velocity vector and time. This manitold is then the
reentry criterion (or return window) that governs the midcourse guidance

SN
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mode, as discussed in the following chapber undey guidance,
(Report No. MNN-M-AERO-L-60),

‘The layout of the powered phase of the reentry fest lights has
heen arranged to end in InJection cornditions thet are identical to
ihe vecntry conditions of lunar Plights.  Landing points can be pro-
didod s ocegime thal combaine Sfoecrstm Tsland. '(Report is In prep-
Ayt bon, )

s rodo

Tye clcoe connection with Lhe oo o-ctory anal 8, a number of guid-

anee abudtior nre corried on cop oot all fiight puascs of the o lrcwa-

Jopan P ichb. Dince sl haged irrelopment questions ave nol Lan

sy concern of thlc olalgor Croup, we 1list in e {ollowing only
e

ihose obadies bhat aiv boward thoe ootoblishment of a guldavce threory
¢ Uenddance mode. Two approaches are going perelTal dn some Tlight

LT coecaneh Lo the endeavos Lo wosl 0nh o0 conpra e Sy

e Ve e s b ruddonens perforaanea, TLes, o geidanes ’
withe air onbil sion rogirirement ewbens o in Lh, ownerse Lo ounlirin
funetion can be opoeiiied, as e,g., propellant consumphlon., CISE T

approach is Jaying emphasis on simplicity. Systems or Uhe secon. "ipe
may be thought of oo weing used as seoadary or caergency systoms or
they may be programcd In early flirntc in case the mocc comprenensive
systom 1o not yet availlable.

The length of the powered 1lights of the Saturn vehicle (in time
or in range) and the magnitude of expected variations due to engine-
out situations in first-stage have as yet frustrated all efforts to
develop guidance modes that are (a) simple in the sense that flight
constraints can formulate before flight to which the vehicle is to
be path controlled, and (b) not using an excessive amount of reserve
propellants. Thercfore, studies here are ovoceeding toward the
development of a novel gnidonce mode, the so-called "Adaptive Guidance
Mode," that incorporates as an essential featurc the capability ot the
system to choose at any instant of Ilight the most cconomical puo-
toward the injection manifold. The mathematical tools used tTor deriving
the puddance equations are ildentically those necded in trajeciory _
analysis, c.g., the methods of calculus ol variations. lere 10 becomes
necessary to merge the {ields of trajectory analysis, and guidance
theory.

The applicalion of the Adaptive Guidance Mode to the powercd phase
has some implications as to the guildance mode to be used in following
phases. wince the adaptive mode in cndowed with the intelligence To
choose Lhe point of the injection manilold that results in leant
propeliant consumption, it does nol adhcre to a so-called nominasl jwih,
in propellied, as well as free [light, but one that insures acquisition
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of final desired conditions, e.g., the return manifold in circumlunar
flight, This feature requires, consequently, from the guidance scheme
that is governing the midcourse phase, that it recognize correct or
incorrect flight conditions in the light of the acquisition of the end
manifold. Only if this is done is the optimum propellant utilization
realized. Thus, 1t follows that also the midcourse guidance mode 1is
to be of the type of "adaptive guidance." This follows then in a
restricted sense also for the terminal phase, the atmospheric reentry
flight. However, here the optimizing function is not concerned with
propellant consumption, but other forms of energy menagement, e.g.,
maximum level of deceleration.

The development status of the adaptive guidance mode for application
to the Apollo flights is shortly given in the following:

(1) For the reentry test flights the injection menifold has been
formulated in mathematical terms and is being used in the steering
equation of the powered flight, '

(2) Steering equations are being developed for the upper stages of
the Saturn flight in a form that can be handled by an onboard digital
computer,

(3) The equations for computing the families of optimized reentry
flights have been established and are being coded on the IBM-7090 com-
puter.

(4) For the circumlunar flights, the relationships between the end
menifold (return conditions) and manifolds representing alloweble flight
conditions at any time from injection to return are being established
by means of the general perturbation methods of astronomy.

Means of hardware arrangements to implement the adaptive guidance
mode could be inertial guldance components in powered ascent and reentry
flight, and inertial components in conjunction with tracking and command
guidance in midcourse flight.

Secondary systems and other problems related to the guidance studies
are summarized below:

(1) Concerning the powered phase, simple modes have been developed
for pilot abort from flight.

(2) The effect of errors of inertial components of the presently
envisioned inertial guldance system on the accuracy of injection condi-
tions is being studied.



18 e

€ »

(3) Por midcourse flight, a linear correction scheme has been
studied that tormulates a requirement or velocity corrections at lircur
funetion of position and velocity deviations at fixed time points. Totul
impulse reguirement for corrections of specified injection deviationu
was derivied Trom 1t.

(") L oneenrocy of positlon and volocity determination during mid-
conroe. haoed o fracking (varions combinalions of range, runpge rabe,

Yo the

apel e T mvasnremcnts) are helng. stivlied and evaluabed as
s oo wb o which the reentry point can be elther prediclod o acqnired

v means of oorrocetbiona,

P hee v, a path-control nweie a1 plans
controln one space-Tiood coeponent oF

pore. el oprath e v locity history accovdd o preset

X tons Cvees the program are controlled cut by pliuh mouie:
OF Lhe roecpe bodv.  Cowwopheric variations of wind and densg it
Dl el e we et corinbdions ave controlled o o Too g
[Boe mNerni=taosmee b, T ok Lo vabhes Snsens® Live Lo Tnerh o o
It CEQre,

pedng studied
1 alti

(6) An emergency system for saie
based on altitule and altibude rate !
{(above the conaltlons of blackowl imom jonization) and whilizes in Llow: -
altitudes meacurements of axial component of deceleration.  The rwesnlis

¥

are very promnising.
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langley Research Center (LRQ).— The following notes give the status
of studies at LRC which relate to Apollc, as of mid-December 1960,

An analysis has been performed and a report i1s being written on
the effect of dynamical end geometrical constraints on Ianar trajectories.
The analysis conslders direct ascent, coasting orbit and parking-orbit
lannch procelares. Restriction on launch-time frequency, dally in
time interval, lunar position and angle between the earth-moovan ann ivrin-
vehicle planes are calculated for eacn launch procedure and for by or-
straints considered. The conctraints result from considevation.
AMR caelby requirement, guidance and mavigation, and rodiation rtovee
resulting from the Van Allen belt.

-

A paper presenting some results of preliminary trajectory studies
which are useful in the design of nominal trajectorics lor the clreum-
lunar mis:ion is nearing completion. Part of the paper describes the
resuits o o parametric study definin; characteristics of trajeclories
which ¢ircumnavigate the moon and return to the atmosphere of' the ¢arth
with reentry conditions suitable for manned missions. Injection and
midconrse puidence studies include an error analysis and calcul=ations
ol the crfechs of guidance corrections at various points throughont two

— .
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nominal trajectories. Some considerations are given to the effect of
the return point at the surface of the earth on the design of circum-
lunar trajectories. (Preprints of a paper for presentation at the
January 1961 Inst. of Aero. Sci. meebing were made available to group
members at the meeting. )

Calculations (machine and analytic) are underway for the L/D renge
0 to 1, W/CDA range of' 25 to 400 pst, and for a load unit of 10g.

A mode of operation receiving close attention is & constant coefficient
pullup from escape speed, tollowed by a constant altitude slowup and a
constant attitude slowup and & constant coefficient glide. Other modes
being considered are a constant aerodynamic landing mode, the return
parking-orbit mode (Pritchard) and a skipping mode under the radiation
belts. The accessible landing area for vehicles in the parameter range
under study is being evaluated. It is hoped to detine simple modes of
operation for attaining the points of the accessible landing area. Tor
all the trajectories under study, the usual quantities (times, aerodynamic
loads, heating rates, heating loads, Reynolds number, lateral and longi-
tudinal ranges) are being evaluated.

A study is being made of the energy requirements for a turnaround
performed at various stages of representative circumlunar missions.
Reentry angle and velocity and landing point on the earth will be
found as a function of veloclity increments, the results being presented
in a form which allows tradeoff studies to be made. The program is also
adaptable to - itimization studies of midcourse guidance, where the object
is to land in & designated area, not simply to return to the earth.
Equations based on the restricted three-budy problem of celestial
mechanics ear«]l spherical trigonometry relationships have been assembled
for computation on the IBM-7090 digital computer. Machine calculsations
will be initiated in the next few weeks.

A study is being made of a range-controlled return of & nonlifting
satellite with minimum thrust requirements. The system considers in
the most general case the return of a satellite from an inclined
circular orbit to a precise targel with minimum energy expenditure. A
rotating earth is considered and the target need not lie in the plane
of the orbit. Instantaneous application of retrothrust and en ellipti-
cal trajectory from orbital conditions to reentry conditions are assumed.
The case of a polar orbit is considered in detail for several orbital
altitudes of 300 to 600 statute miles. Minimum mass fraction, reentry
deceleration forces, time of flight, and retrothrust orientation will
be determined as functions of target position and longltudinal and lat-
eral range. Computations have becn completed {or several orbital
altitudes and results are being ansalyzed.
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Anslytical studies are completed for entry from orbital velocities
using altitude control to a reference trajectory end lateral control
as a function of heading error. Accurate control 1s possible to about
85 percent of range capabilities of vehicle.

An analytical study has been completed of range control using a
linearized prediction technique. A report is in preparation. This
method appears promising and will e extbended to include lateral
control and enbry from parabolic velocity.

The study of guidance of a space vehicle approaching a planet along
an entrance corridor reported in NASA TN D-191 is being extended to
include use of dead band in guidance logic to reduce corrective velocity
required. Results indicate that dead band reduces accuracy with 1ittle,
if any, savings in fuel. The results will be discussed in a paper for
the Auerican Astronautical Society in Dallas, Texas on Januery 17, 1961.
Further plans include study of the effect of instrument accuracies.

A report is in preparation containing analytical studies of penalties
sssoclated with simpliftind techniques tor lunar soft landing and return
to orbiting vehicle.

Various projection techniques are peing studied using a 55-Toot
diameter inflatable radome as s screen. Simulation of lunar background
during lanar circiumavigation is planned.

Caleulations are being made of the times of New Moon, First Quarter,
Full Moon, and Last Quarter and of the time history of the moon's
declination for the period from 1961 to 1971. The results are being
assembled in a form which will indicate periods in which the declination
is favorable Tor launching vehicles to arrive at the moon when its
surface is under a specified lighting condition. While the results will
not provide sufficlently detailed intormation on the moon's position
for trajectory design purposes, they will provide a time basis for
interpolating in tables of the moon's coordinates to obtain such infor-
mation.

Jet Propulsion Laboratory (JPL).-

a. Trajectory analysis.-

Activities at the Jet Propulsion Laboratory relating to Apollo can
be divided into two parts, past and current. This note will serve to
summarize these activities.
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b. Past activities.-

In executing the Ranger lunar hard-landing, the Mariner interplane-
tary, and the Surveyor lunar soft~landing programs, JPL has performed,
or evaluated, detailed design and analyses of lunar and interplanetary
trajectories and midcourse guidance. For the lunar missions, the bulk
of the analyses have been concerned with Farth-to-Moon flight only. A
very minute amount of time has been devoted to circumlunar studies,
reentry, or emergency turnaround characteristics of lunar trajectories.

Detailed launch-to-lunar impact trajectory design and analyses have
been accomplished for the Ranger program., As a result of this, the
characteristics of lunar-impacting trajectories are well understood at
JPL and trajectory design for this type of mission is routine. Reports
on results of JPL studies appear bimonthly in the JPL Space Programs
Summaries and Research Summaries. 1In addition, JPL Technical Reports
(references 1, 2, and 3) treat trajectory and leunch-time problems. The
characteristics of the outbound leg of a circumlunar trajectory will
most likely closely resemble those of a lunar-impacting trajectory.
Thus, techniques developed at JPL may well be useful for the Apollo
circumlunar trajectory problem.

In the area of midcourse guidance for lunar impacting and inter-
planetary missions, a significant amount of design and analysis has
been accomplished at JPL. The guidance method employed by JPL for
Ranger and Mariner missions involves performing the midcourse maneuvers
by radio command from the Goldstone Deep Space Instrumentation Facility
(DSIF). The procedure is roughly es follows: Tracking information
from the Goldstone, Woomera, and South Africa DSIF stations 1s trans-
mitted to the JPL computing center in Pasadena, Calif. There, the
spacecraft orbit is determined from the data and the correcting midcourse
maneuver is computed, The correction is relayed to Goldstone, which in
turn, sends the command to the spacecraft. Inherent in this procedure
are the analytical computations which must be carried out at the JPL
computing center. The basis for these computations has been documented
in references 4, 5, 6, and 7.

In the area of trajectory computation, a highly advanced computer
program is currently in use at JPL, TFor lunar trajectories, the effects
of the Earth, Moon, Sun, Jupiter, Earth's oblateness, lunar triaxial
potential, solar radiation pressure, precession and nutation effects of
the equinoxes, etc., are included., In addition to evaluating the
position velocity coordinates of the probe, a large number of quantities
are computed for engineering design use. The positions of the celestial
bodies are obtained from tape-stored ephemeris tables. The method of
integration is optionally Cowell or Encke. This program is used opera-
tionally in the orbit-determination and midcourse-guidance computations.

- & .
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c. Current activities.-

Currently, trajectory analysis at JPL consists of continuatlon of
design for the Mariner missions and precision computation of the Ranger
lunar-impacting standard trajectories. Beginning January 2, 1961, the
Space Technology Laboratories (31'L) started work on a Space Systems
Analysis Study Contract which includes a thorough treatment and analysis
of circmlunar trajectories and Moon-to-Larth trajectories, This con-
tract is runded to support 2 to 3 trajectory analysts for the caiendar
year 1061 on these problems. The results of the STL studies will be
made readily availlable to the Apollo program, if desired.

n the area of trajectory computation, a computational procedure
called the "Method of Contiguous Coniecs,' ie being developed to replace
the Cowell and Fncke methods, The Contiguous Conics method is basically
an exbension of the Varicentric method developed by Miner and Sperling
ot MIC,

Although little analysis has been done on earth reentry at JPL,
a sienificant efiort is currently underway on planetary entry and terminal
guidance for the Mariner interplanetary prograu. The results of these
studies may be uselful in the Apollo program.

1"1ight Research Center (FRC).- FRC is doing no work which relates
directly to Apollo. These notes report studies which may be of interest
to the group.

a, lLaunch.-

An exploratory investigation is being performed to determine the
practicality of air-launching manned vehicles into orbital flight.
Although this investigation has been primarily directed to vehicles
of the class of D3S-1 (10,000-1b weight), the possible use of orbital
rendezvous may make it of interest to the Apollo Project (particularly
if the Apollo vehicle consisted of several 5,000-1b elements).

Examples of some results of the investigation are:

(1) A two-stage vehicle weighing 200,000 pounds and having an
initial thrust-to-weight ratio of 1.5 could orbit 10,000 pounds from
a B-52 launch if the vacuum specific impulse of both stages was about
340 seconds.

() Use of & B-70 reduces the required specific impulse for the

gbove conditions to about 310 seconds or, with a vacuum specific impulse
of 3h0 seconds, permits orbiting asbout 13,500 pounds.

S
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(3) It the payload were reduced to about 6,500 pounds, the B-52
could place it in orbit with a two-stage vehicle having a vacuum specific
impulse of 310 seconds and weighing about 200,000 pounds.

(4) Storable propellants are probably a necessity, to avolid the
topoff problem, although high-energy cryogenic propellants might be
considered for the upper stage.

b, landing.-

(1) X-15 landings.- Results of the first 31 X-15 airplane-approach-
and-flare maneuvers have afforded a relatively good cross-section of
landing conditions that should be experienced with vehicles of this
type. Performance data have shown that the peak lift-drag ratio of the
X-15 at approach and landing speeds can vary between 3.5 and 4.5,
depending on configuration. These values are somewhat higher than pre-
dicted on the basis of wind-tunnel tests. The wing loading is about
65 to 70 pounds per square foot, :

Flight data in the approach pattern illustrate the tremendous leeway
the pilot has in positioning the airplane for the flare. In performing
overhead patterns, the use of speed-brake modulation and maneuvering
flight allows the pilot to reduce possible altitude variations of over
+8,000 feet on the downwind leg of the pattern to touchdown dispersions
of the order of 1,000 feet.

Most problems encountered in landing the X-15 were experienced during
the flare, primarily because of the severe limitations placed on touch-
down angle of attack. The average flare commences at an altitude of
about 800 feet and & speed of 300 KIAS., When the flare is essentially
completed, the flaps and gear are extended. Touchdown is then accom-
plished at about 185 KIAS with an angle of attack of approximately
7° and a rate of sink of about U4 fps.

A1l the extensive preflight predictions have essentially been
verified in flight. An F-104 which has been modified to simulate the
X-15 is proving invaluable in pilot training for X-15 Jlandings.

(2) DsS-1 landing simulation.- Because of the gratifying results
obtained with the F-10kA in simulating in flight the X-15 landing, a
gsimilar program is now underway for the DS-1. An 5D airplane will Dbe
used for these tests because it closely approximates the DS lift-drag-
ratio characteristics and wing loading. The pattern and the flare will
be examined. Because the DS-1 will, on occasion, perform the approach
through cloud cover, the landing-aid requirements will be studied.

Patterns will be flown with and without guidance to aid in estab-
lishing optimum pattern geometry. Consideration will be given to

- -
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airplane visibility eftects on the pllot's ability to perform the pattern
approach. ‘

In the flare an attempt will be made to establish the values of the
varlous flarc-control parameters as well as touchdown conditions,
including touchdown dispersions.

(3) Landing of a lenticular vehicle,- The landing characteristics
of & vehicle of circular plan Torm havirng a lenticular cross-section are
being investigated. The analyvical investigation of a vehlcle having
a wing loading of 38 pounds per squarc foot indicates that the pilot
should have no trouble executing a normal approach and flare for a
touchdown at little or no vertical veloclty. An investigation 1s in
progress ot the possibility of simulating the landing of the lenticular
vehicle with a current righter,

c. Abort.-

5-1 abort and escampe.- The primary escape mode provided the
Dyne-Scar pilot consists of glider-abort separation from the boosters.
A subsonic ejection seat 1s vrovided for pllot escape from the giider
in instances when a satisfactory landing site cannot be reached or when
other conditions make an attempted glider landing Impractical.

Glider abort can be initiated from the launch pad or at any time
up to second-stage booster separation by the pilot or by automatic
sensing devices. After second-stage burnout, all escape implementation
is the sole responsibility of the pilot.

In the event of fire or explosion among the booster or pad installa-
tions after the pilot has boarded the glider, or of flight malfunction
dictating a need for immedilately separating the manned glider from the
booster, the pilot can initiate ignition of the gilder separation rocket,
If this abort action is taken from rest on the pad, the glider will be
maneuvered to make a west-to-east approach and landing on the
Cape Canaveral skid strip. If the abort occurs after 1lift-off, the
pilot will guide the glider to an optimum landing site chosen on the
basis of velocity, altitude, and position at termination of the separa-
tion rocket thrust. A study of the required down-range landing sites
is currently underway. Any emergency landings will be made at down-
range fields existing primarily for normal logistics traffic. The
Flight Test Control Center and its down-range extensions (Station
Monitors and Landing Controllers) will advise the pilot in the selection
of the emergency landing site and will furnish steering direction as
requested by the pilot.

A brief, snalytical investigation has been made at FRC of the
practicability of executing the off-the-pad meneuver using the planned
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abort rocket. In addition, the pilot's ability to rccover the vehicle
following boost-off was evaluated with an F-100 airplane simulating the
flight conditions for the escape.

The escape rocket was assumed to place the vehicle in vertical
flight at an altitude of 2,700 feet and a speed of 1,050 {ps (620 knots).
Following a pitch-roll maneuver to attain level flight, the vehicle was
then glided to a nearby emergency landing strip. The results of the
investigation indicate that the recovery as proposed is within the
capabilities of both the pilot and the vehicle. Because of altitude
restrictions, it was not feasible, with the F-100, to simulate com-
pletely the glide and landing phases of the recovery. It is planned to
continue this investigation with a more suitable airplane and to extend
the analytic investigation to lower altitudes and 1lift-drag ratios.

Lewis Research Center (LeRC).-

a. Lunar trajectory study.-

The objective 1s to obtain sufficient data on trajectories to
permit the carrying out of manned-lunar-mission analyses, with realistic
congideration of launch times and dates, selection of favorable launch
sites, comparison of direct versus orbital departure, etc.

The purpose of this study is to analyze three-dimensional, simpli-
fied two-body coast trajectories between the earth and the moon, with
some consideration of the interactions with earth and lunar takecffs,
and tc calculate relationships between AV requirements, flight time,
location of launch site, etec.

Curves have been drawn of the various angular relationships, flight
time, burnout velocity at start of trajectory, typical AV to deceler-
ate at the moon, and so forth, as functions of burnout longitude and
latitude and position of the moon. The above-described data are being
incorporated in n NASA Technical Note, now in the editorial process.

b. N-Body trajectory program.-

The objective is to provide a general, precise, rapid, and flexible
machine program for the solution of trajectory problems related to
various space missions. The program shall be capable of solving such
problems as: boost from a planet surface, precise lunar trajectories,
including effects of earth oblateness and solar and lunar perturbations,
and interplanetary trajectories including the perturbations of the
various planets in the solar system.

. .
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A general FORTRAN coded-machine program for the precise solution
of the N-Body problem of space mechanics has been developed. The
equations of motion are written to include: (1) no more than 8 celes- -
tial bodies, (2) the effects of oblatencss and atmospheric forces from
the celegtial body currently serving as the coordinate origin, and
(3) propulsive forces.

Major featurcs of the existing program are:

(1) A fourth-ovder Runge-Kutta integration process with éutomatic
step-cize control and double-precision accumulation of the variables of
integration.

{”) A choiece of integration in either of two coordinate systems
is provided. These are: conice section orbit elements and Cartesian
coordinates (Cowell's methrd). If the former nethod is chosen, provi-
sion 1s made lor automat:c fonporary conversion to Cowell's method to
avoid difficulties which ocecur when eccentricity is very close to zero
or unity, or when the vehicle is close to the asymptote of a hyperbolic
Srbit.

(3) Precise planetary position and velocity data are obtained
from fifth-order polynomial fits of ephemerideg. The coefficients of
the polynomials are simultaneously fitted to both position and velocity
at three dates. The dates are selected gsuch that the greatest time
interval, consistent with seven-digit-position accuracy and six-digit-
velocity accuracy, is available.

(4) For exploratory work not requiring great precision, approxi-
mate ephemerides can be obtained by a built-in iterative solution of
Kepler's equation with assigned planetary orbit elements.

(5) Automatic transfer of the origin of coordinates is provided
to permit the largest integration intervals consistent with the desired

precision.

The program has been used to provide checks on various lunar and
interplanetary trajectories obtained by more approximate techniques.

c. Boost trajectories.-

A set of working charts relating the optimum-stage propellant-
fractions for two- and three-stage rocket vehicles for launching payloads
into nominal low-altitude circular orbits about the earth has been
developed. The charts contain data for various combinations of stages
using RP-Lox and HE-Lox—propellant combinations. These specific results

can be extended easily with little error to other propellant combinations.

!-!!!!Iliiiiii.-p
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Together with stage-structural and propulsion-system weights, the charts
are useful for preliminary design optimization of boost vehicles.

Two different computer programs were used to calculate the data
for the charts. TFirst-stage trajectories are gravity turns and were
numerically integrated and include the effects of aerodynamic drag and
the variation of engine thrust with altitude. Second- and third-stage
trajectories were calculated using approximate closed form solutions of
the calculus-of-variations trajectories (i.e. "linear-tangent'" thrust
attitude). This second program contains an iteration scheme which
permits the determination of the top-stage propellant fraction for
specified terminal attitude, velocity, and flight-path angle.

These data are reported in a report "Performance Charts for
Multi-Stage Rocket Boosters! by MacKay and Weber (NASA TN D-582). This
report has been transmitted to NASA Headquarters and should be issued
shortly.

d. Atmospheric entry and braking.-

A three-part study of the regimes of atmospheric flight applicable
to space missions is in progress. The analysis is broad in scope and
is formulated to yield closed-form approximations to the solutions of
the equations of motion and heating. From such approximate solutions,
it is possible to survey quickly the entire realm of entry paths, etc.
and to delineate the more important design and operating variables.

The three parts of the study and the corresponding simplifying
assumptions which permit the closed-form solutions are:

(1) Entry corridors and flight-path angles

cos ¥ = 1.0 (v = flight-path angle)
V = constant

(2) Motion and heating along flight paths for deceleration from
supercircular speeds

: 1
g siny < < > CDDVEA

cos V¥V =2 1.0
ay/at #o

=4

o= (V)

.
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(%) Motion and heating during atmospheric passes

. 1
g sin ¥ < < 5 CDDV2A
cos v =~ 1.0
constant flight-path radius

The validity of these approximations has been checked with the
results of machine integrations reported by Chapman and Becker. The
closed-form solutions yicld results sulficiently accurate for prelimi-
nary design survey purposes.

Each of the studies covers cases with modulated as well as constant
angie of attack. The results show the effects of maximum g load,
initial velocity and configuration maximum and operating L/D. The
solution of the eguations of motion are applicable to any planet; those
for the heating are applicable to any planet with an atmosphere with
heating characteristics similar tc those of earth.

The first study has been completed and a report "Approximate
Analysis of Atmospheric Entry Corridors and Angles" by Roger W. Luidens
(NASA TN D-590) has been transmitted tc NASA Headquarters for final
approval. In this report the modes of vehicle operation giving the
deepest corridors are defined. The effects of hot gas radiation and a
Reynolds number limit on corridor depth are discussed.

In part 2 of the study, six flight paths that are considered
appropriate for decelerating from supercircular speeds after an entry
are analyzed. Among the paths studied are those characterized by:

(1) constant angle of attack, (2) constant Reynolds number, and

(3) constant g. For vehicles with laminar boundary layer, relations
are develcped which yield the heat rate, the heat input per unit area
during the deceleration, and the total heat input to the vehicle. Of
the flight paths considered, the constant g path (with g equal to
the g 1imit) yields the lowest total heat input, about half that for

a constant angle-of-attack path with the same initial values of velocity
and g. A report has been prepared on the study and is in the editoridl
process.

The third part presents the velocity change and heating incurred
during a pass through the atmosphere as functions of such variables as
maximum g load, initial velocity, L/D, and drag and lift-modulation
ratio. This study includes the concept of the variable-area drag chute.
Work on this phase is in progress.
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e. Guidance studies. -

The problem of midcourse and approach (terminal) guidance for
interplanetary missions is under study at the LeRC. The objective of
the study is the formulation and cvaiustion of suldance concepts which
may be employed o prescribe e ficieut trajectory control.  Consideration
has been given Primarily to passive-measurcment systems (optical, infrared,
inertial), and the performance of components was postuleted in functional
form and the effecls on guidance evaluabed over a wid range of error
assumptions. The feasibility of accuratc guidance with minimum propel-
lant expenditure has been demonstrated Ior components of modest per-
formance capability, however, mulbiple impulsive corrections are
required. Some characteristics of the study are indicated in the
Pollowing paragraphs.

Approach guidance.- That porticn of the transfer trajectory from
about the sphere of influence of the target planet down Lo the sensgible
atmosphere is considered the realm of approach guidance, and has been
treated in references 8 to 11. A wwo-body, two-dimensional analysis
with the perigee distance serving as the target parameter hag been
assumed. Reflerence & Presents a decumentation of AV requirements to
correct nominal trajectory errors, and shows that circumferential ly-
applied thrust represents a very pood approximation to the optimum
thrust dirvection. Some preliminavy studico of a statistical nature are
presented in references 9 and 10 for twe distinet measurement schemes.
Theze early studics led Lo a relinemsnt and interration of puidance
technigques and mebhods of evaluation, and o foirly complete digdtal
conputer guidance program was evol ved.  Tho canlyals and stotictical
performance cvaluation are presented in reforcace 11, soon te be pub-
Llished. HNondimensional results applicable o any Larvget planet are
shown for characteristic solutions and for exbensive paramelric studies
of variations in Lrajectory and mecsurement error parameters. The use
of least-squarcs data adjustment and guidance logic techniques has
broven very satisfactory as o means of inmproving the efficiency of
guidance maneuvers. Atbainment of entry corridors on the order of 10 miles
has been demonstrated for measurcmenh errors np to 2 minutes of arc RMS.
The AV cost, of course, is strongly dependent on “he accuracy of mid-
course guidance.

Midcourge guldance.-~ A progrom Lo study corrcetionnl maneuvers
during the midecourse phase of a mission has been developed and evaluated.
The fundamental guidance theory is based on well-known techniques of
lincar perturbation methods. Specifically, anpgle measurcments are used
to indicate position deviations from o precomputed relerence trajectory,
which in turn vield the amount of velocity correction to be applied. A
two-body, three-dimensional analysic is ogswned.  The concepts ol data
ad justment and Jogic technigues nre also ineluded in Lhe quidance theory,
and are found Lo have a significant effcei, on the accuracy and AV cost

-
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of corrective maneuvers. Unpublished results of a typical Mars mlssion

evaluation show that a vehicle using instrumentation accurate to

40 seconds of arc RMS can be guided to within 4,500 miles of the planet

center for a total AV expenditure of less than 300 ft/sec. An average
of five and a maximum of nine corrections are required.

The results of the midcourse and approach guidance studies can be
integrated to yield overall guidance requirements. It appears feasible
to guide a vehicle to within a 5-mile entry corridor for a total AV
expenditure of under 1,000 ft/sec. The necessity of multiple corrections,
however, is reiterated.

Areas requiring further study.- It was generally agreed by the
group that there was an urgent requirement to develop a standard model
for the Van Allen radiation-belt which would be used in all trajectory
analyses related to Apollo.

The following documents were referenced:

Space Task Group

1. Funk, Jack: Reentry Control Study. Sept. 27, 1960.

2. Jenkins, Morris V., and Munford, Robert E.: Preliminary Survey
of Retrograde Velocities Required for Insertion Into Low Lunar
Altitude Orbits. NASA Project Apollo Working Paper No. 1005,
Dec. 5, 1960.

%,  Garland, Benjamine J.: An Analysis of the FErrors in Pogition
Given by an Onboard Lunar Navigatlon System Using Observation
of Celestial Bodies. NASA Project Apollo Working Paper
No. 1006, Dec. 16, 1960.

Ames Research Center

1. Boissenvaine, A. G.: Effect of Lateral and Longitudinal-Range
Capability on Reentry Window for Lunar Missions.

. Anon: Abort-Rocket Requirements for Escape Trajectories. Undated.

Langley Research Center

1. Michael, William H., Jr., and Crenshaw, Jack W.: Trajectory
Considerations for Circumlunar Misslons. For presentation
at the 29th Annual Meeting of Inst. of Aero. Sci.,

New York, N. Y., Jan. 23-25, 1901.



N
.

A\

N

8.

10.

5,

T

RETFIRENCES

31

Kohlhase, ©. F.: Launch-On-Time Analysis Tor Space Mission.
Tech. Rep. No. %2-39, Jet Propulsion lab., Calif. Inst. of Tech. ,
Pasndena, Calif., Aug, 1900,

Clarke, Victor C., Jr.:

Design of Tunar and Interplanetary Ascent
Trajectories. Tech. Rep. No. 32-30, Jet Propulsion Tab.,
Calif. Inst. of Tech., Pasadena, Calif., Jul. 1960,

Kizner, W.: A Method ot Describing Miss Distance for Lunar and

Interplanetary Trajectories,

Bxternal Publication No, ATh,

Jet Propulsion Tab., Calif. Tnst. of Tech., Pasadens, Calif.,

Aug. 1959,

MNoton, A. R. Maxwell, Cutting, 1., and Barnes, F.
Radio-Command Midcourse Guidance.

Jet Propulsion Lab.,
Sept. 1959.

Noton, A. R. Maxwell:

L.: Analysis of

Tech. Rep. No., 32-28.

Calif. Inst. of Tech., Pasadena, Calif.,

The Statistical Analysis of Space Guidance
bystems. Tech. Memo. No. 33-15, Jet Propulsion Lab.., Calif.
Inst. of Tech., Pasadena, Calif., Jun.

Carr, Russell T., and Hudson, R. Henry:
Determination Programs of the Jet Propulsion laboratory.
Tech. Rep. No. 32-7, Jet Propulsion Lab., Calif. Inst. of Tech..
Pasadena, Calif., Feb. 1960,

LOM0,

Tracking and Orbit-

Anon: Jeminar Proceedings - Tracking Programs and Orbit Determina-
tion. Jet FPropulsion lab., Calif. Inst. of Tech., Pasadena, Calif.

Feb. 27-26/, 1060,

I'riedlander, Alan L., and Harvy, David P.
Trajectory Corrective Impulses During the Approach Phase of an
Interplanetary Mission. TADA TN D=0,

)

I1T:

1960,

Harry, David P., III, and Friedlander, Alan L.:
Statistical Analysis of Dlanct Approach - Phase (midance Schemes
Using Range, Range-Rate, and Anpular-Rate Measurcments.

NASA TN D-268, 1960,

Friedlasnder, Alan L., and Harry, David P.,
Statistical Analysis of e Planet Approach-Phase Guidance Scheme
Using Angular Measurements With Significant Frror. NASA TN D-L71,

1960.

IIT:

Reguirements of

Exploratory

An Explorstory
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11. Harry, David P., III, and Friedlender, Alan L.: An Analysis of
Frrors and Requirements of an Optical Guldance Technique for
Approaches to Atmospheric Entry with Interplanetary Vehicles.
NASA TR R-1961. (To be published)
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SECTION II

EXCERPTS FROM
INSTRUMENTATION AND COMMUNICATION

APOLLO TECHNICAL LIAISON GROUP MEETING
January 6, 1961

Space Task Group

Langley Field, Virginia
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Reports from various Center members on Apollo-related activities
were:

a. Space Task Group (STG).- Studies presently being conducted
and reported are:

(l) Preliminary Concept for Communications and Tracking
Fquipment

(2) Preliminary Investigation of a Television System for
Use on the Apollo Spacecraft

(5) Compilation of Worldwide Tracking and Communications
Facilities Offering Possibilities for Use in Project Apollo

(4)  Preliminary Consideration of Radic Beacon System for
Recovery of Apollo Spacecraft

(5) Preliminary Feasibility Study of a PCM Telemetry Link
for Project Apollo

(6) Preliminary Investigation of Ground Tracking and
Communications System Adaptable for Use in Project Apollo

b.  Marshall Space Flight Center (MSFC).- A brief account of
Instrumentation and Communications Branch work at MSFC was given.
The branch is broken into the following groups:

(1) R. F. System Section
(2) Measurement Sectlon

(3) Telemetry Section

(%) Planning Section

(5) Special Projects Office

Reported and discussed briefly were the following areas of work
presently being studied at MSFC:

(1) SA-k Instrumentation Plan
(2) Saturn Freguencies

(3) Horizon Sensors

Borsmm—
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(h) Radar Altimeters
(5) Television

c. Langley Research Center (LRC).- Areas of interest that
would be Apollo-related and are under current study by LRC are:

(1) Propagation Through Ion-Sheath

(2) Antennas

(3) Reflectometer

(4) Radar Altimeter Use in Moon's Proximity
(5) Rediation Effects on Solid State Materials

A discussion of areas requiring Turther study and areas where
studies should be initiated resulted in the following list:

a. Ion-sheath problem for reentry
b. Radar-altimeter

c. Antennas (general)

d. PCM transmitting system

e. Television

f. Onboard data recording (sensors and storage)
£ Data reduction

his Radiation sensors

i. Bioinstrumentation

Je Measurement requirements

k. Frequencies

1. Beacons

m. Recovery aids



M-

SECTION TIIT

EXCERPTS FROM
PROJECT APOLLO MINUTES OF MEETING
oF

MECHANICAL SYSTEMS TECHNICAL LIAISON GROUPS

Januvary 6, 1961

Space Task Group

Langley Field, Virginia




. el

52 RS

Space Task Group (STG) gave a briel” ‘igcussion ol possible require-
ment for the provision ol' artificial gravivy in the Apollo system, and
requested that panel members considoer the effects such a requirement
might have on the various mechanicul systems.

S1'G in-house studies on the mechanical systems ['or Apollo:

Environmental Control System.- This study has been confined to the
thernal control to date. An indircet heat transfer gystem was assumed
to simplify the magnitude of this study and has been shown to be com-
patible with the swrface area available tor the heat load of
7,620 BLu/hr. The radiator surface versus tube spacing and skin con-
ductivity, thickness, and surfuce conditions have been parametrically
studied.

Reaction Control System.- thw most Teasible system appears to be
one using storable hypergolic propellants.  Since Lhe fuel consueption
varies as the square of ithe minimwe repeatable pulse, Marquardt's
PAT-C system is of interest. They have offered NASA the necessary
hardware on consignment for an evaluation program and Lewis Research
Center will conduct the program. The first unit will be a 2L-pound
thruster with two solenoids and a wave shaper. It is hoped that this
program will continue into an evaluation of a single d-iving unit. It
was stated that a preliminary estimate of the total impulse 1+ . od
during the mission for attitude control was 100,000 lb-sec. FPropellant
presswrization would employ blaliders and cold gas.

Similar systems have been discussed with RMD of' Thiokol Chemical
Corp. and Bell Aircraft Corp.

Auxiliary power supply.- A first look at the mission power require-
ments indicates that the average load or the major portion of the
mission will ve 1,800 watts. This is expected to increase after further
studies have been completed on all systems. A Fairly extensive litera-
ture search has been done and is continulng on a preJercntial basis.

As @ result of this, a Ffirst cut indicates that solar wwboelectric
solar cells plus NiCad batteries and the cryogenic reclprocating
engine should be considered. (See Tig. 1.) Tt is suspected that the
data wsced for the wveciprocating engine may be too optimistic; however,
Viekers ds in the process of coertifying these data to the extent
possible.  Similorly, 1t ig suspecied that the date on the fuel cell
are pessimistice since Tuel conswrphion rate ol the two is nearly
the same. Additional weleht regulrvements imposced on the Reaction Con-
trol System also hove not been asgessed 1'or the solar systems.

Inn addition to Viekers, OTG has tolked 1o Marquardt in terms of
what could be done with their hydrozine-nitrogen tetroxide engine with
cryopenics.

E
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With solar cells, there seems to be considerable differences of
opinion as to the percent charge versus cycle life of secondary
batteries.

Present plans are to review the welghts of the most feasible systems
and choose one as a main supply for the in-house study with provisions
for emergency power for the minimum requirements. -

Langley Research Center (LRC) Apollo work to date.-

Auxiliary space power.- The manned clrcumlunar mission has been
studied at LRC in an effort to define the type of power system which
would be most applicable and to uncover research problems. Ground
rules assumed that the mission length would be 7 days, although consid-
eration was given to the Probability that provision would have to be
made for an extra 7 days resulting from initial guidance errors. A
three-man crew was assumed and a separate reentry capsule with its own
power supply would be used rather than having the complete vehicle
return to earth.

A survey of power consuming apparatus which would be onboard was
made along with estimated power consumption at all times during the
mission. Without making & detailed breakdown, the results of this
survey are given in Table I. A summation of the load patterns of these
items was made and is reproduced as figure 2. If solar power is con-
sidered for the mission, the possible dark periods are of interest and
are indicated at the bottom of figure 2. They include an hour in the
earth's shadow at launch, an hour behind the moon (at 60 hrs), and

L %-hour Periods when course correction rockets are fired and the solar

bower apparatus may for a time have to be oriented in a direction other
than toward the sun.

There are several possible choices for g bower supply for this
mission. These include both pover systems (solar or nuclear) and
energy systems (chemical). SNAP-2, a 3kw reactor power supply, will be
available at a weight of sbout 500 pounds without shielding. The shield-
ing has been estimated st 1,500 pounds for use on a manned mission, .
however, making the total weight rather high. The Sunflower I 2kw solar
bower system will be available at around 600 pounds. A possible objec-
tion to this system on a small vehicle is that movement by the occupants
of the vehicle will cause the stabilization and orientation system to
be working continuously to hold the mirror alinement with the sun to
within about 1/30. The penalty involved in thisg requirement has not
been evaluated to date. The use of solar cells would reduce this
difficulty, since they are much less sensitive to orientation. For the
dark periods, the Sunflower I incorporates thermal storage, but for a

b o
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solar cell array, batteries would have to be provided. Tt can be shown
that, for this purpose, prinary batteries shonld be used rather than
rechatvireable storage batbteries. Eslimated welght for guch a solar cell-
primary battery system is 1L pounds.

Chemical systems may also be considered, although they are high on
weight for missions as long as 7 or 14 days. TFigure % shows some
estimated possibilities for this mission. One possibility which hasz
not been fully explored ls to use, lFor the solar {lare and olher
radiation shielding of the vehicle, o material which may also be used
as fuel in a chemical power system. In this way, not all of the fuel
woight would have to be charged to the power system. Some limited
study of this arrangement is under vay ab TRC at the present time.

TABLIL I
TAOTTMATED DPOWIRR REQUIREMENTS

Power, watts

Ltem Peak Minimum
Controls 100 0
Guidance and Navigation 97 50
Mideourse Guidance 800 0
Communication hoo 70
Flight Test Instrumentation G0 e
Scientific Paylecad SO0 0
Life Support 1,200 1,200

It was pointed out that LRC weight estimates For auxiliary power
systems are somewhal at variance with those of STG. 1t was also noted
that an additional weight penalty involved in the use of suntiower
would be the nose cone for launch and exit required to cover the folded
reflector.

LRC is of the opinicn that silicon soiar cells are preferable Lo
gunflower for Apollo since the solar cell angular alinement reduired
v o
is about 107 to 109 an compored Lo T Por Sunflower and the solar cells
)

are prescently more reliable.

e m AV MR
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Olher work in propress at IRC includes:

Phillips' work on a magnetic stabilization system “or vehicles
within the influcnce of Lhe earth's magnebic field. A small bar
magnet is supported in a series of gimbals. When alined suitably
relative to the earth's magnetic ield, the interactions of the
two fields can produce or stabilize an orbital vehicle. A working
experimental apparatus has been constructed and investipation is
proceeding. It ig said to be accurate to scveral seconds o arc.

LRC is invegticating the problem of condensanicn ab zero
gravity using a gas Jjet in the center of o movins 1iquid armulus.

It was noted that Instrument Research Division [IRD) is
working on Environmental Control System (ICS) requirements Tor &
H0-day mission ivn connection with Applied Materials Physice
Divigion (AMPD) space station invegtirations.

AMPD 1s planning some experimental. investigations on the
stabilization and heat balance problems associated with an
inflatable, rotating space vehicle configuration which provides
a small artificial pravity.

The Lewis Research Center work related to Apcllio is aos follows:

Lewis Research Center will be investigating tho Marguardt
PAT-C system for attitude control. They had originally planned tc
do their preliminary checkout work in an altitude tunnel

1, . oo ‘ - . o
(5 in. H.0), but have now decided that they should dmmediately
o i

start working in a hard vacuum. LeRC has o 4 it X O £ "moon-dust"
chamber in which investigations are being run on the Jet dust
kickup expected on lunar landings. Tt is planned to connect this
to a 20-inch diameter diffusion pump and instrument the chanber

Tor the PAT-C tests. Ixtensive instrumentation is nceded for
thrust measurement during the short puwises. A mnjor system problem
is to insure simultaneous arrival of propellant and oxidant at the
chamber. The propellant and oxidant valves oie not presently
linked mechanically.  Tank pressures will be initially 500 psiog
later, Mardguardt wants to use several thousand psin. These high
prossures may prosent o probicem. Tt may be that pumps welsh less.

Lewis Rescorch Conter has developed a nwbor of Msmall ™
bipropellant systems »F 50 to 100 pounds thingt.

Lewie Regearch Center ds stoadying o lunage Janding vehicle.

Initionl tests are propogsed Lo be conduetod by drops (rom aireralt

VT
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.
at Wallops Island. Drop altitude would be about 40,000 feet. The
vehicle is spherical in shape, has a retrothrust rocket for velocity

control. Attitude control is accomplisted by a cold gas Jet
system.

Marshall Space Flight Center Apollio-related activities:

Attitude and velocity control-reaction nozzles.- Small variable
thrust engines can be used to control pitech, yaw, and roil and the
velocity vecter of a vehicle. MSFC has subcontracted the study and
development work to U.S. Naval Ordnance Tesgt Station, at China Lake,
California, NOTS.

Variable thrust, zero to full thrust, and pulse thrust mode
operations are studied. Storable propellants, red fuming nitric acid
and unsymmetrical dimethyl hydrazine, are used.

A variable area injector controls the {low of both fuel and
oxidizer simultanecusly and in proper proportion to obtain full range
of thrust contrel. Only one moving vart, a cylindrically-shaped
pintle with conical faces controls the propellant flow into the com-
busticn chamber.

Hypergolic propellant combinations are used eliminating the need
for a separate ignition system.

By means of suitable hydraulic or electrical actuation, the pintle
can be moved to full open, partially open or closed position of the
valve.

Larger engines can be controlled by a hydrauwlic system, small
engines may use solenoid action, high torque D-C-motor and screw, very

small engines - magnetostriction linear actuators.

Test - Ixperience at NOTS.- Zerce to 1,350 poundg uthrust engines

using hydraulic actuation have been operated successfully at frequencies

as high as 20 cps.

The hydrawlic servomethod becomes somewhat impractical if such
motors are reduced in size.

Some work has been done at NOT3 on direct electrical actuation:
a. Solenoid action (fig‘ % in report NOTS, Nov. 9, 1960) to

open and close the pintle of a small thrust engine to operate it
in a pulsed mode at moderate frequencies.
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Solenoid action doss not appear al bthis time Lo be practical
due to the hipgh currents requived for Lhis actuation.

b.  The poussibility of wslpg direct motor deive and screw has
been invegstizated {gee el B coport). Uhe method appears to
be somewhau cunbemoane Chongtl ol oo power conswmisgs. Reacbion
times are glso slow wiless motors of very hiph torgue to welght
ratio become availlable. Miniaturizatlion ls necessavy.

c. A third m@thu& of pintle setuwation hias recently been
demonstrated 1 o laborat oy dewice. Tt 1s based on magneto-
strictive eiements. It a bay ol some magnetostrictive metal such
as nickel is placed in a vsgnciic Iield, the bar will constrict
along its length. This consts L“‘,, fon may amount toe several
millionths ot an irch per inch. ince a gsingle constriction
not suftficient Lo achuale Lhe inle pintle, a method of com-
prounding this motion thrwu horepelitive conslriction hag been
developed. Appliing twoe .rm;,;m:i,i‘it amedng devices, one st each
end ol the construction oy, and by peoper phasing of congtriction
and clamping at o hich cyevs rale, 6 Jinear motion will then be
produced in the bor.  Forces o gurticient wagnitude to actuate
the injector mechanicm may e oroduaced.

S

o}

A flrst working mo s oneglebogtrictive actuator has

been produced.

devicey to yicid high forces are
iu the clampi ngz mechanism which
; tles Torces which it
Western Radiation

Some improvements o L
presently incorporated. 1t |
now prevents thic proescni oo
should be capuble op devel:
Laboratory, LAY, date Iiar.

Obgectives of work
of small variable thrust

a. dipitally-operated variabl
thrust engine o g y Ao moxinum thirust usling &
maenetostrictive Linenr e;tt':f;'x,ﬂ,‘i_‘,\fu‘ For conbrol.

b. Demonsty

of a smotl variable thrust engine which
will have a )

rato ne creater than }czol/\"lay ander

a vacuum of 10
c. Devol\;{mwm; and demongtration ol a combustion chamber
design for use with voriable throst engincs capable of beling Pired
for at least l?,’ﬂ seeondt, wilh o more Thﬂ,n L0-percent. hroat arvesn

increasc U,nJ S o sliae and comuenoirnte s ibh the theast
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level of the engine. The engines have graphite nozzles.

d. The demonstration of one or more methods of achieving
propellant ratio compensation in small motors.

References are:

1. Rutkowski, E. V.: An Investigation of Small Demand Thrust
Motors for Space Vehicle Application. Status Report of the
Naval Ordnance Test Station, China Lake, California.

2. Anon: Report dated Mar. 15, 1960 from Western Radiation
Laboratory, Los Angeles, Calif. to NOTS on the use of
magnetostriction for actuation of small thrust motor
injector valves.-

3. Anon: Report dated Aug. 8, 1960 from Western Radiation
Laboratory, Los Angeleg, Calif. to NOTS on the use of
magnetostriction for actuation of small thrust motor
injector valves.

Auxiliary power.- MSFC has broad experience in turbomachinery,
pumps of different kinds, hydreuwlic systems and components, propellant
feed systems, etc., and can offer support in practical solutions for
specific problems connected with nonpropulsive power for space vehicles.

General information on the state of the art of power conversion
systems is gathered, no special research is pursued in this field.

Mechanical elements in gpace.- Solar energy collectors, antennas,
radar screens, etc., require mechanical elements exposed to the outer
space environment and to be manipulated from the inside of the pres-
surized vehicle.

Design studies on hermetically-sealed mechanical linear and torque-
motion transmitters are carried out presently. The cases of actuating
a valve and driving a hermetically-sealed pump shaft located in the
space vacuum are being considered in particular.

The friction problem in space mechanisms is a major one.

The function of all mechanisms on earth basically depends upon
friction; in some cases friction is desired, in others it is undesir-
able. The latter i1s the case for all bearings. By means of suitable
material combination (lubricants between sliding surfaces) the friction
may be reduced considerably.

e
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In most cases, the average designer is not aware of the fact that
the principle of lubrication is not only a natter of material properties,
but to a great extent based on the existence of the atmosphere.

Since there is no atmosphere in space, new design principles have
to be applied for bearings. Research has to be conducted to find these
new design principles.

Studies made so far by MSFC in this field have analyzed the
mechanism of friction and lead to conclusions for the development of
space mechanisms.

Further R and D brograms are needed to replace the forces which
cause seizing of surfaces in intimate contact by friction-eliminating
forces which are available in space.

MSFC also submitted to the panel the following discussion of a
Possible recovery system for SATURN which is under investigation at
MSFC.

Flexible wing glider. - Recovery of the first and possibly the
second stages in the SATURN Program will be of great value to any
space program. Recovery of the S-1 stage has been in effect since the
start of the SATURN program.

In the beginning of the SATURN program, the recovery system employed
a parachute system that provided for the recovery of the booster from
the ocean. This system was preferred because it made use of components
and/or techniques that were within the state of the art, and consequently
it would reduce development costs and yield higher reliability. Also,
vehicle modifications to accommodate the recovery system were held to a
minimum.

During the course of the recovery system development, funding
Problems were encountered and the recovery system development program
was postponed. The postponement gave an opportunity to investigate
other recovery concepts. A number of unsolicited proposals were
received by the Recovery Project Office, and among thesc were two
similar techniques utilizing the Rogallo flexible wing concept. The
two proposals were submitted by the Ryan Aeronautical Company and the
Los Angeles Division of Nerth American Aviation, Incorporated.

MSFC is presently draftiry; a statement of work to conduct studies
on the paraglider. The burpose of this study ig Lo investicate the
technical and ecconomical feaglbility of using a vararlider (Rogallo
flexible wing) in comnection with the recovery of the SATURN booster
and upper stages. Main cmphasis of the study will be directed toward
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the 5-1 stage application and, atter the feasibility of this application
has been egtablished, erfort shoedd then b ddrected Lu the recovery of
the 8-II stage (the sccond stors of the JATURN C-2 contdguration).
Second-stage rvecovery is of inlerest, sineo, or osbital misgions, a
two-stage fully recoverable venicle is extremely shiractive ceonomically.

The scope of this study will reguire detailed preliminsry design
of a complete parasglider recovery systou, dotailed dravings of the
method of attaclurent to the SATURN S-1 stage, 8 coumplete operational
and cost analysis of the gysten, and o detailed plan For the required
research and development of such a gystwen.  'The cesulis of this study
will be detailed enough to permit selection oi Lhe most promising
recovery system for the SATURN C-2 at tlw eartliest possible date. A
study period of © months is envisioned for this erlort

The proposed reccvery system consiscs of a flexible deployable
wing based on research by Mr. TFrancis Rogallo and others at NASA,
Langley Field, Virginia. The flexible wine was chosen vecause of the
advant 1ye o mission dlawnch volwee, Long otide vange, simplicity,
lightweight, and controliabllicy.

Unlike the conventional r compesed of a rigld skin covering a
forming structure, the IleyLbib wzp» is compoged of a membrane of
T'lexible material attached to three supporting member The center
keel and the two leading edges, whjch can he of rigld structure or
1nilatab1e material, arc Jolned at the foremost point to define a
triancular cenvelope. The edges of the Clexible membrane are attached
to the side members, and the menbrane 1s Joined to Lhe keel throughout
its length at the centerline. The {lexible wing ig Jolned to the
vehicle by means of cables or ripid structural members.

The most obvicus advantapge of the Clexibice wing is its extremely
low storage volume and lightweight. If intlatable keel and side members
are employed. exceptionnlly high etor - Jdensitios way e obtained.

The lightwei;hit construction allows move elilceltive wing area per unit
welrht than o conventional wing regulting in greater 1i7t for a given
wings wedpht.  Test and analysic show that Lhe wing possesses a high
inherent stability abont all threo uxes.

e

Deveral methods of Clight control ave possible.  The center-of-
crovity shift (fore and aft Cor pitch, Lo the side for roll) is cimplest
The degired eonter-of-graviby shitt cnan be obtained gsiwply by veefing
s payin, payoubt, of gupooriinge cables or struls. Conbtrol can also be
' p(Lud throneihn camber changres obtained Ly adjusting: the nose, (lex-
Trpeoei the wings materdinl, application of canard sucfaces, nnd appli-
ot lon of aurfaee control throurh wembrane doovg, spoiler plates or

sventional rodder and elevotore.

o
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Preliminary studies indicate that the weight of the complete para-
glider system will be around 7,000 or 8,000 pounds, depending on whether
an inflatable wing or o three-wing tandem-connccted desipgn with rigid
structural members is employed, respectively.

Resecarch and Development needed ifor Apollo incliudes work in the
following areas:

Rotor recovery systems -

a. Although conventional helicopters are not very stable,
and somewhat difficult to fly in a power-off condition, a rotor
recovery system could probably be designed {or the specific case
which would be adequate.

b. The use of suitable instrumentation would help the
situation greatiy.

c. If cyeclic control is to be used, the vehicle must be
capable of azimith control and stabilization.

d. Systeme using rotor tip power were discussed.

e. A system was suggested which incorporates autorotative
descent to 20 to 50-Toot altitude, and solid propeilant rotor tip
rockets for the touchdown phase.

f. The work of Kaman (USAF-sponsored), Wright Air Development
Division, Vertol and Bell should be closely monitored.

The Environmental Control System requirements nced considerably
more detailed definition.

Work in Reaction Controls by LeRC and MSFC is good.

Inertia wheels and magnetic stabilization systems shouid be
invegstigated. LRC is working in these areas.

The ships system power supply questions need further resolution.
For Apollo, the shielding penalty of nuclear systems appears unaccept-
able. The question of the use of solar systems or chemical systems
(either fuel cells or expansion engines) remains open. It was noted
that the intecgration of chemical systems becomes complex because ol the
possibility of tie-in to abort power, the use of fuel Tor shielding,
etec. It wos supprested thal NASA should study fucl cells in more detail
Tor thic application.
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LRC has been working on studies and testing of power systems
suitable for Apollo.

One area in which Research and Development is needed is materials
for equipment in space, particularly organic polymers for use in
inflatable antennas, solnr reflectors, electrical and thermal insulation,
sealants, seals, parachutes, pyrotechnics, as exanmples. There are many
important questions about stability, strength, and compatibility which
are unanswered. LeRC is doing some work in the field. LRC is also
active in the field. MSFC has a contract with the National Research
Corporation, Cambridge, Mass., to develop sealants.
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Weights for a Space power system

Avg., pwr, 2.75 KW
Peak pwr. 4,00 KW

PRIMARY BATTERIES

6,000—
n
e
— 5,000}
Al
<
o 4,000¢
E
= 3,000
.4(31 Fuel
e 2,000 cells
¢ 1,000} Solar
5 cells
a.

0
Pays
Section IIl, Figure 3.- LRC Discussion presented

at Apollo Mechanical Systems Technical Liaison

Group Meeting No. 1 - 1/6/61,
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SECTION IV

EXCERPTS FROM
PROJECT APOLLO MINUTES OF MEETING
OF

TECHNICAL LIAISON GROUP ~ HEATING

January 11, 1961

Ames Research Center

Moffett Field, California
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a. DMarshall Spoace PLishl Centor (LKWPU) L= Ml Baho discusced sone

exploralory studice ol Ll protection syaboms for vehielos returning
from lunar flight. Lifting trajeotorics wily o Lilbedrey: ratio of 0.5
were used, with rcentry angles Ieom Cho overshoot bovndary corrosponding
to a maximun of 10g.  Dislances tvom bhe recntry point {(taken at an
altitude of 100km) runged Trom aboul L, 000k to aboul 12,000k and timen
from shout 280 seconds tu sbout 2,000 second:. A blunt cope (22° with

a length-diameter ratio of 0.%) and a henisphore were csoumed as
representative vehicle shapes with ballistic paramcter W/CDA from

[n}
500 to S0 1bs/1t7,

Inner surface-cooled quertz, with vaporivin: wotoer as coolunt, wus
found to be a promising wethod for heat protection. A ghield having a
moderate weight with flexible charscteristics is provided. The welght
of'" a shield made of solid quertz, including coolant, is aboul one-third
to one-half the weight for a Pellon shield. A furthcer sipniticant weight
reduction can be achieved by usc of porous gquarty, IFor a blunt cone
having a solid-quartz shield of optimum thickness distribution, the
combined shield and coolant welght was about 20 to 00 percent of the
total weight of the reentry body.  Tor the hemisphere, this weight was
about 5 to € percent of the.total welght.,  The heat chield required for
the overshoot boundary was also found sultable for much steeper
trajectories with decelerations beyond human Lolcerance. At the stag-~
nation point, approximately 50 pevcent of the heal was absorbed by
radiation and about %0 percent by mass trancsier. Only a small traction
was absorbed by coclant. Practically all of the ablated naterial was
vaporized. It should be noted that radiation was not included in these
calculations.

Work is continued to extend the investigations with exact solutions
on shields of varying surtace density of yuariz at stagnation points
as well as other points on the body. Solutions are also sought for
large nose radii with sizable shock-layer radiation. Mr. Connell of
MSFC discussed work related +to ballistic reentry nose cones having a
W/CDA of 1450. Fused amorphious silicon materiuls with variable POTOS~

ity were used. Studies have alsoo been conducted of composite materials
employing both high- and low-tamperoture ablators with plastic or foam.
honeycomb insulation material belng used.

b, Langley Research Centeor (LRC) .- Au analytical study hasz been
made using three types of reentry trajectory maneuvers., The types con-
sidered for parabolic reentry veloclties arce constant C., maneuvers

(with and without roll after pulling up to horizontal attitude) and a
constant g mancuver after reaching ¢ . When plotted in lermis of:

ax
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JQEZE;Z‘ against IW/CDA these

results show a related family of hyperbolas.

Three of the projects mentioned were planned free-flight tests at
velocities of approximately 29,000 fps using Scout booster vehicles.
One test will determine the heating rate of a blunt body by the thin-
walled technique using an Inconel skin. Upon failure of the Inconel
skin, measurements of ablation rate of a secondary surface of Teflon
will be made. The second flight test will evaluate the integrity of
the external char of deep-charring ablators. The general external
shape of the configuration is the same as that mentioned for the first
test. The third test will obtain total and spectral distribution of
radistion. This test is still in the preliminary stages and the instru-
mentation has not been completely defined.

¢. Ames Research Center (ARC).- Three fundamental problem areas
of reentry heating for lunar vehicles were summarized:

(1) Forebody heating - The heat-transfer rates and heating
loads to the forward-rtacing surfaces of a lunar vehicle are
understood reasonably well if the air in the shock layer and the
boundary layer are in thermodyna: ic and chemical equilibrium.
Theoretical methods which have been developed are quite sound if
the flow is laminar, and these methods have been verified in shock
tubes at least up to enthalpies near those corresponding to
satellite entry. Experimental verification at speeds above satel-
lite is, however, lacking. For the case of turbulent flow, the
theoretical approach is very weak and little or no experimental
results are available in the speed range of interest. It is
expected, however, in the flight regime where the aesrodynamic
heating rates are most intense that the flow over the forward
surface of a reentering lunar vehicle will be laminar &as the
Reynolds numbers rarely exceed 2 or 3 million.

The effect of thermodynamic and chemical nonequilibrium on the heat~
ing rates has been assessed in reference (1). In this investigation the
flight regimes where the flow at the boundary layer edge, or within the
boundary layer will be equilibrium, have been estimated. The conclusion
is that inviscid flow at the boundary-layer edge near the stagnation
point will be equilibrium for most of the flight cases of interest, but
that the flow in the boundary layer in general wil not be in equilibrium.
The effect of this boundary-layer nonequilibrium on the heating rate for
a noncatalytic surface has also been assessed in this work. The main
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effect of nonequilibrium flow was Tound to be one of relieving the
severity of the problem, the extent of the rcliel depending upon aero-
dynamic parameters of the vehicle, and the moaximum dercleration
encountered during the flight. This work considered only surfacce of
zero catalytic effectiveness.

Surfaces having finite catalytic efficiency héave been studied
(reference (2)). This study cstimates the effect of surface catalytic
activity upon the heating rate. The main result of the study is that
even materials having relatively high chemical acbivity will not allow
recombination of all the atoms which reach the surface, as the process,
particularly at high altitude, ig limited by the diffusion rate of the
atoms across the air boundary layer. It is also shown that glassy
materials such ae quartz will have little or no chemical activity at
the wall. The analyses outlined in references (1) and (2) consider in
addition to the stagnation point on the body the effect of expanding
the flow over the forward-facing surfaces and give methods whereby these
elfects can be readily calculated. It should be cmphasized that this
work is theoretical and has not been experimentally verified except in
a rather crude way.

In addition to the previocusly-mentioned investigations of the
effects of nonequilibrium in the boundary layer, one other investigation
1s currently underway which includes the effect of chemical and thermo-
dynamic nonequilibrium effects in the shock layer. In this analysis, the
gas 1in the shock layer is assumed to be heat-conducting, viscid, and
chemically reactive. The conservation equations are integrated between
the body surface and the shock wave. The objective of this investigation
is to determine the boundarics in terms of flight altitude and flight
velocity between equilibrium and nonequilibrium flow in the shock layer
arl to investigate the effects of nonequilibrium chemistry and thermo-
dynamics on the standoff distance and its implications in terms of the
convective and radiative heating. Only preliminary results are avail-
able at this time. These preliminary results do indicate, however, that
the standoff distance is a function of the body surface temperature and
the body diameter. This is in contrast to the result obtained from th-
inviscid analysis where the ratio of the standoff distance to the body
radius is essentially dependent upon the enthalpy and the Mach number
only. The reason for the differences between the real pgas case and the
equilibrium inviscid gas case is that when the gas is heat-conducting
and chemically reacting, the cffect of the wall temperature can be felt
in the shock layer at distances much beyond the normal boundary-layer
thickness. The effcet on the convective or radiative heat-transfer
rates have not at precent been evaluated. In summary, it appcars that
the heat-transfer rates to forward-facing surfaces, if these surfaces
are relatively smooth and do not contain abrupt corners, can be
predicted reasonably well.
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If the forward-facing surface does contain corners or regions where
the flow expands very rapidly, theory is unable, at the present time, to
account for these effects. Two investigations have been completed in
which these effects have been measured experimentally. One investigation
reported in reference (3) compared the heat-transfer results on the
M~1 configuration obtained in a Mach No. 6 low-temperature wind tunnel
with those obtained in a shock tunnel where the flow was at a relatively
high temperature. The main result of this analysis seems to indicate
that the distribution of heat transfer around a complicated body shape
can be determined from cold wind-tunnel tests, but that the level of the
data will be altered by the enthalpy of the airstream. The second
investigation is one where the heat-transfer distribution around flat-
faced cone was measured. It was noted that the theoretical predictions
of heat transfer vary markedly from the data in thce region where the
flow is rapidly expanding around a corner, and that the measured heat-
transfer rates do not reflect a total magnitude predicted by the theory.
This difference may be due in part to the experimental difficulties or
may be due to the fact that the boundary layer may separate around these
corners, in which case these effects are not included in the theory.
This investigation 1s presently in rough-draft form and is listed in
reference (h).

(2) Radiative heat transfer to stagnation region of blunt
bodies - At the speeds characteristic of lunar return vehicles,
the air in the shock layer is heated sufficiently to cause thermal
radiation from the hot gas to strike the stagnation region of a
body in relatively large amounts. Rough indications of the magni-
tude of the heating were presented in reference (5) and in some
cases, the radiant heating rates can be of the same order as the
convective heating rates. These theoretical predictions were
mainly based on the data of AVCO, reference (6). To extend the
AVCO data to high speeds and over a wider range of densities, the
radiation from the gas cap of small models fired «i high speeds
in the supcrsonic free-flight range have been measured. The thermal
radiation presented in this figure has been normalized as indicated
by the theory of Kivel, cutlined in reference (6). Radiation power
is plotted against flight velocity and it is interesting to note
that the general theorctical predicted trends are borne out by
the experiments. A relatively large degree of uncertainty does
exist in the experimental measurcments of these quantities,
and it is emphasized that these results are very new and unpub-
lished. Of particular interest is a group of measurements obtained
in the vicinity of 22,000 feet per second, which lie above the
general level of the majority of the data and the theory. These
data were obtained under low-pressurec conditions where it was sus-
pected that the radiation resulted from an out-of-equilibrium
situation in the gas cap. The pertinent point here ic that these
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values may be 30 to 40 times those which result from an equilibrinm
radiation.

The distribution of radiation heat transfer around shaped bodies is
in the process of being calculated by the ARC Fluid Mechanics Branch,
using these radiation data. Radiation heating along the centerline ol =«
delta wing at angle of attack hag been caleulated. These calculations
indicate that the radiation intensity is a maximum at approximately
90 percent of the wind cord. Again it is emphasized that these calcula-
tions are preliminary and are continuing.

In addition to calculation of radiant intensity incident on a body,
calculations of the shielding eftectiveness of oblating on absorbing
gases Irom the surface of the body have been made. These results have
been reported in reterences (7) and (8), and indicate that for cases
where radiation heating is important, protection may be obtained by
sultable choice of ablation material. In this connection, an apparatus
to experimentally investigate ablation materials which may be used as
protection against combined radiation and convective heating is being
built at ARC. This apparatus consists of a combination arc-wind tunnel
and an arc-image furnace. The model is placed in the test section of an
arc-heated wind tunnel which supplies the convective heating. Radiation
from an arc-image furnace isg also focused upon the tront face of the
model. The radiation intensity can be varied independcntly of the cone-
vective heating rate. The convective heating rate, which this apparatus
can generate, is well within the range encountered by lunar vehicles
and radiation rates, which can be focused upon the body surizce, can alsc
be varied over sufficient range to cover most [light conditions. It is
hoped that this apparatus will be in operation in the near future in
order to obtain some experimental verification of the theorles piven in
references (7) and (8), and in addition to investigate the properties
of var' s ablators as they are subjected to radiation fluxes.

(3) Heat transfer to afterbodics cmcrsed in o separated flow -
Three investigations are currently being carricd on at ARC of the
general problem of heat transfer in bodies emersed in a separated
flow. One investigation being conducted in the ¥luid Mechanies
Branch will measure cxperimentally the local heat vransfer in the.
wake of a two-dimensional body. The models are arranged such that
various base configurations can be installed. These consist of a
flat basge, a reentrant base, and a wedge-shaped base. The models
have been completed and the tests will be run shiortly.

the second investigation is one which will measure experimentally
the base heating and the base pressurce disteibubion on modiificd Meveury
capsules.  This investigation will be conducted in the ARC J2-ineh hel iwn
tunnel, at Mach nwbers of from 8 to 26, and over o range ol angles of
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attack. The models are completed and the tests will be run as soon as
calibration runs are completed at the ARC 12-inch hellum tunnel.

A third investigation, theoretical in nature, is underway which 1s
aimed at explaining and predicting distribution and magnitude of the heat
transfer in a separated regilon. The approach used i1n this investigation
follows the method of Chapman, reference (9), to account for the external
boundary lasyer and uses an integral method to account for the boundary-
layer growth along the solid body at the bottom of the separated region.
The essentially inviscid flow in the separated region is treated as a
vortex. A balance of momentum, energy, and continuity around the entire
separated region 1s postuleted. Integral methods are used to evaluate
the local distribution. Preliminary results indicate that the dlstri-
bution of heat transfer in a separated region is given reagonably well
by this enelysis. However, the level of the data is not predicted very
well. The theory is being eltered to account more realistically for
the actual flow Tield within the separated region, and results from
this second attempt should be available shortly.

"he following references were used during the Amec summarization:

1. Goodwin, Glen, and Chung, Paul M.: Effect of Nonequilibrium
Flows on Aerodynamic Heating During Entry Into the Earth's
Atmosphere From Parabolic Orbite. Preprints, Second Inter-
national Congress for Aero. Sci., Zurich, Switzerland,
Sept . 1960.

2. Chung, Paul M., and Anderscn, Aemer D.: Heat Transfer to Sur-
faces of Finite Catalytic Activity in Frozen Dissociated
Hypersonic Flow. NASA TN D-350, 1961.

3. Reller, John 0., and Seegmiller, H. Lee: Convective Heat
Transfer to a Blunt Lifting Body. NASA TM X-378, 1960.

4. Terry, James E.: Convective Heat Transfer to a Lifting
Flat-Faced Cone Entry Body. NASA TN D-775, 1960.

5. Yoshikawa, Kenneth K., Wick, Bradford H., and Hcwe, John T.:
Radiation Heat Transfer at Parabolic Entry Velocity. Joint
Conference on Lifting Manned Hypervelocity and Reentry
Vehicles. Apr. 1960.

6. Kivel, B., and Baily, K.: Tables of Audiation from High
Temperature Ailr, Rez. Rep. No. 21. AVCO Res. Lab., 1957.

7. Howe, John T.: Radiation Shielding of the Stagnation Region
by Transpiration of an Opaque Gas. NASA TN D-329, 1958.
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8. Howe, John T.: Shielding of Partially Reflecting Stegnation
Surfaces Against Radiation by Transpiration of an Absorbing
Gas. Prospective NASA TR.

9. Chapman, Dean R.: A Theoretical Analysis of Heat Transfer in
Regions of Separated Flow. NACA TN 3792, 1956.

Further study is believed needed in the following areas:

(1) One area in need of additional attention for experimental
investigation is the heating on control surfaces. Other significant
areas are being pursued as rapidly as existing techniques allow.

(2) Determine the relative importances of the unknowns in the
heating area by relating estimated "ignorance" factors to resulting
weight penalties in the spacecraft.

(3) Evaluation of radiant heat inputs and their effects upon
the ablation heat shields.

(a) Calculation of magnitude of radiation loads using
most pessimistic assumption for lunar mission and assess
importance in terms of heat-shield welght (assuming no non-
equilibrium effects).

(b) Tests of ablators subject to these combined loads to
determine ablation rates to check current theories.

(%) Heating on control surfaces.
(2) Methods to predict control heating in shear flows.

(b) Wind-tunnel tests at high Mach numbers to obtain
methods (even crude ones) of prediction.
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Ameg Regearch Center Efforts in Guidance and Control
Applicable to Apollo

Preliminary studies have been conducted to determine the problem of
ranging from a partially illuminated disk. These studies indicated that
by use of concentric rings in the field of view the center of the illumi-
nated disk could be measured manually to within 3 seconds of arc. The
results of studies of altitude disturbances caused.by passenger movement
indicate that crew movements provide very little net disturbing torgue.

Broader coverage of many pertinent research programs appears in the
Ames Report on Research of Interest to the NASA Committee on Control,
Guidance, and Navigation, dated September 27 to 28, 1960 by Mr. Howard F.
Mathews. Another reference is Ames Research Projects in Support of the
Manned Lunar Mission, dated May 19G0 by Mr. Alvin Seiff.

a. Pilot's effectiveness in controlling a reentering lunar
vehicle. - Analog simulator study with pilot in the loop to control
1lift and bank to achieve point landing from visual display of
vehicle maneuver capability footprint. Onboard computer uses Chap-
man equations and assumes measured or computed values of present
position, velocity and acceleration. Pilots have achieved good
controllability and outlined areas of critical control sensitivity
particularly near overshoot boundary. This is & continuous predic-
tion technique and a fixed or reference trajectory technique has
been set up and is now being run for comparison.

STATUS: Report in editorial. Will be extended to skip maneuver
and higher L/D.

b. Longitudinal range extension by skip reentry maneuver.-
Analytical and digital computer study of reentry in two dimensions
when skip to 400 miles (safely below radiation belt) is permitted.
Complete dynamic equations: L/D = 0.5 and L/D = 12 cases completed.
Nonskip range of 2,000 to 5,000 miles extended from 2,000 to
16,000 miles for undershoot boundary entry, and up to slightly over
one orbit at overshoot boundary. Exit angle and velocity are quite
critical.

STATUS: Two dimensional writeup available. Extension to three
dimensions and rotating earth contemplated.

c. Effect of lateral and longitudinal range capability on
the reentry window for the lunar mission.~- Analytical study of
allowable variations of reentry time and orbit inclination per-
missible for point landing as a result of *500 miles lateral and
from 2,000 to 10,000 miles longitudinal range capability.
STATUS: Initial results available as curves.

d. Reentry corridor modification by continuous variation of
lift and drag.- Digital computer study. Desirable deceleration

Pos
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investigated. Two-dimensional study so far with an extension of
Chapman's analysis. IHeating cffects considered. Trade-offs for
increased corridor width.

STATUS:  Report in preparation. Investigation continuing.

e. Abort velocity requirements Ffor the lunar mission.-
Analytical study of abort velocity requirements for the Saturn
lunar boost trajectory. Scvere fucl penalty when burnout occurs
at higher altitude or velocity, or larger [light-path angle.
STATUS: Report in progress. No further work planned.

f. Inertial guidance stability and accuracy for midcourse
and reentry from the lunar mission.- Digital computer invesltiga-
tion of inertial system with onboard or earth-based corrections
from 60,000km to touchdown.

STATUS: Preliminary analytical work.

g. Pilot's ability to control in zero and high g environ-
ments .- Experimental investigation of human pilot ability to
perform meaningful control tasks in high g centrifuge environ-
ment and in low and zero g flight tests.

5 S:  Johnsville centrifupe tests in April. Zero g tests in
F-104B Flight Test Cenler in March.

h. Manned air-bearing capsules.- Experimental investigation
of attitude control of manned capsules in low-friction air-bearing
supports. Control, stabilization and instrumentabion system
research.

STATUS: Limited three-degree-of-freedom iron cross coperational
soon. Nine-foot sphere under construction.

i. Thrust requirements for time of arrival and orbit
inclination variation with constant perigce.- Use of Kepler's
equation for impulsive thrust trajectories. Also, treatment of
L/D variation to modify lunar reentry trajcctories.

STATUS: Curves available. Will be incorporated in ARS summary

paper by Eggers.

j. Mideourse guidance using onboard measurements with
smoothing.- Analytical study ol methods of determination of
present state from onboard measuremeuts, prediction of future
states, formulation of guidance laws. Extension of optimal
lincar filter theory. Measuremenis contaminated with statistical
noine.

GUATIIS:  Digitol compuber investigation being programed.
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k. Onboard pilot observation and computation, emergency
midcourse navigation technique.- Conic trajectory determination
by pilot from photographic sighting and hand computation a
possible emergency mode.

STATUS: Photographic reduction and hand computation achievable
in reasonable time. Accuracy being investigated.

1. Midcourse trajectory measurements and error analysis .-
Conic trajectory determination by various measurements with
instrumentation errors.

STATUS: Closed form geometric data available. Time measurement
iteration schemes being investigated.

m. Space vehicle attitude control studies .- Analytical,
analog, and experimental investigation of inertia wheels, inte-
grating gyros, current coils, micro Jets, and twin gyros for
attitude control of satellites - space fixed Orbiting Astronomical
Observatory - earth pointing Nimbus.

STATUS: Inertial wheel report issued NASA TN D~691. Magnetic coil
report in preparation. Gyro report in preparation.
Twin gyro preliminary analytical work. Micro jets -
preliminary experimental work.

n. Manual onboard optical tracking.- Experimental investiw
gation of accuracy in measuring angle to center of a disk or
crescent from a reference direction by using a pilot-operated
theodolite mounted on a stable platform, and in turn supported
in a large gimbal structure to simulate spacecraft motions.
STATUS: Preliminary measurements from a fixed base indicate

probable accuracies of about » seconds of arc.

0. Ground-based optical tracking with T.V. system,.-
Experimental investigation of possibility of optical tracking of
a lunar vehicle using a 12-inch telescope and T.V. system employ-
ing an image orthocon.

STATUS: Equipment due by March.

P» Automatic star-tracking equipment .- An analytical and
experimental investigation of principles and techniques for
automatic onboard star tracking for space vehicle guidance and
attitude control, using various types of primary sensors, scan
methods and gimbal arrangements.

STATUS: Preliminary work in progress.

d. Spacecralt attitude disturbances due to passenger move-
ment.- An analytical study of space vehicle motion resulting from
passenger movements within vehicle.

STATUS: Preliminary curves available.
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r. Luner trajectories and point return.- An analytical and
digital computer study of direct ascent ecircumlunar trajectories
with return to a specified landing area. Practical constralnts on
time and direction of Saturn launch from AMR considered in detail.
Guidance sensitivity and fuel requirements studied.

STATUS: Writeup avallable.

s. Lunar mission nonretrograde trajectories.- A simplified
anaelytical study of lunar orbiting trajectorles that are not retro-
grade. Overall mission using salvo launch of two Saturns for
rendezvous and a lunar landing is explored.

STATUS: Report ready for editorial.

t. Rendezvous terminal guidance.- Analyticel study of a
proportional navigation homing technique for terminal guidance.
Based on position and velocity data.

STATUS: Report ready for editorial.

u. Rendezvous thrust reguirements.- Analytical study of
impulsive thrust for rendezvous.
STATUS: Completed.

Additionel Apollo-related work in progress at ARC includes:

Simulation studies to develop a concept for a terminal guldance
system including displays, controls and an autopilot. One of the
objectives is to determine how well a human subject can control the
reentry vehicle.

Since the flight regime is restricted to within the atmosphere,
the relatively simple Chapman equations can be used for simulation and
prediction. The inputs to the system are calculated accelerations. A
null display of the '"footprint" on the earth type is used. The opera-
tor's task is to keep his desired landing spot as near as possible to
the center of his maneuverability "footprint." Accuracy is within
about 5 percent of the excursion from the null.

Refercnce was made to the Tollowing recent Ames reports considered
to be of interest in the Apollo studies:

1. Creer, B. Y., Smedal, H. A., Wingrove, R. C.: Centrifuge
Study of Pilot Tolerance to Acceleration and the Effects of
Acceleration on Pilot Performance. NASA TN D-337, Nov. 1960.

2. Smedal, H. A., Creer, B. Y., Wingrove, R. C.: Physio-

logical Effects of Acceleration Observed During a Centrifuge
Study of Pilot Performance. NASA TN D-345, Dec. 1960.

 ———
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3. ©Smedal, H. A., Holden, G. R., Smith, J. R., Jr.: A Flight
Evaluation of an Airborne Physiological Instrumentation System,
Including Preliminary Results Under Conditions and Varying Accele-
rations. NASA TN D-351, Dec. 1960.

Langley Research Center (LRC) work in Guidance, Control and
Rendezvous: '

a. Aero-Physics Division -

(1) Trajectory Analysis of Reentry Vehicles with Real-
istic Drag Polars (based on tunnel tests of l-series bodies)
at escape velocity. Includes multiple pass and parking orbits.
Also lifting Mercury. In progress.

(2) Numerical calculations of the atmospheric portion of
lunar return trajectories with and without 1ift modulation.

(3) Calculations of accessible landing areas for lunar
return vehicles of various modes of operation.

b. Applied Materials and Physics Division -

(1) Attitude Control Systems for Space Stations and Lunar
Mission Madule.

c. Aero-Space Mechanics Division - Flight Mechanics Branch-

(1) Midcourse Guidance for Rendezvous.

(2) Launch Conditions and Trajectories for Rendezvous and
Return. Being published as NASA TR.

(5) Abort Procedures During Saturn Launch. Covers choice
and censequences of various methods of applying abort fuel in
1<u S/E. Report now in editorial stages.

(4) Evaluation of Several Methods of Interplanetary
Navigation. A comparison will be made on the basis of
accuracy and equipment required. The methods thus far con-
sidered differ chiefly in the nature of the celestial bodies
observed. One method requires the observation of two stars,
the sun and one planet, and a second requires the observation
of the sun and three planets. Both of these methods require
mceasurement, of time as well as angle between bodies. A third
method is being considered which does not require time to be
measured.

TR

2o —
-~



80

P,
N,

d. QGuidance and Control Branch -

(1) Investigation of e Three~Degree-of-Freedom Attitude
Control System for a Satellite Vehlcle. System analyzed in
NASA TN D-626 is mechanized on an air-bearing platform.
Presently, servocontrol of magnet is being extended to allow
control about any axis. :

(2) Sstudy of a Wobble Damper for a Rotating Space Station.
Analog computer studies are being made, and an inertial
simulator is being bullt under contract to study damping of
osclllations of a rotating space station. Simulator to be
constructed by July 196l. Gyroscopic precession is used to
supply the control torgues.

(3) Lateral and Longitudinal Range Control for a Vehicle
Entering the Atmosphere of a Rotating Earth. Analytical
studies completed of entry from orbital velocities using
altitude control to a reference trajectory and lateral con-
trol as a function of heading error. Accurate control possible
to about 85 percent of range capabilities of vehicle.

(&) Reentry Range Control Using Terminal Controller
Techniques. Analytical study completed of range control using
a linearized prediction technique. Report is in preparation.
This method appears promising and will be extended to include
lateral control, and entry from perabolic velocity.

(5) Guidance of a Space Vehicle Approaching a Planet
along an Entrance Corridor. Study of NASA TN D-191 is being
extended to include use of dead band in guidance logilc to
reduce corrective velocity required. Results indicate that
dead band reduces accuracy with 1ittle, 1f any, saving in
fuel. Results to be discussed in paper for AAS in Dallas,
Texas, January 17, 1961. Further plans include study of
effect of 1nstrument accuracies.

(6) Determination of Conditions for an Attempted Soft
Tunar Landing and Return to an Orbiting Vehicle. Analytical
studles of penalties associated with simplified techniques
for lunar soft landing and return to orbiting vehicle,
Reports in preparation.

(7) Analog Simulation of a Pilot-Controlled Rendezvous.
Analog simulation of terminal phase (last 50 miles) with
six-degree-of-freedom. Report in preparation.

R e
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(8) Automatic Control of the Terminal Thase of a Rendez
vous. Analog computer studies of two-control techniques for
terminal phase (last 50 miles). Control technigue uses
correction to place ferry vehicle on colliston course, then
a braking phase using continuous or intermittent thrust.
Report in preparation.

(9) study of Time Required to Detect Motion of Objects
Moving on a Contrasting Background. Use of optical tech-
niques to detcct angulsr rate of line-of-sight 1s being
studied with applicetion to pilot coatrol of a rendecvous.

(10) Analytical Investigaticn of an Adaptive Control.
Analytical and analog study of an adaptive control which
adjusts system gain to maintain constant response to s
sinusoldal test signal. Application to airecraft and launch
vehicle control studied. Report in vreparation. Method
appears highly satisfactory.

(ll) Investigation of Stability and Deployment Character-
istics of a Drag Brake for the Mercury Capsulc. Analytical
study 1n progress of a device similar to a kite tail intended
to reduce time in orbit in case of railure of retrorockets.

€. Theoretical Mcchanics Division -

(1) Stability and Control of Lunar Reentry Vehicle Cone
figurations. A study of dynamic stability characteristics
(lateral, longitudinal, and siv=derrecwof-Trecdom) and
aerodynamic control effectivencrs paramcters is being made
for earth-entry conditions. OFf frur LRC-2reposed
configurations, considerable resulis have been obtained to
date for the I-1 vehicle.

(2) Manned Control of Lunar Vehicles During Earth Entry.
A man-controlled analog-simuiator investigation is to be
made of control and guidance problems associated with eartn
entry for several possible Apollo econfigurations from a
lunar orbit. Currently work is proceeding on the analog
program and instrument panel.

f. Instrument Research Division -

(1) A Study of Tracking Problems, Equipment, and Accuracy
J
Requirements.

—T
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(2) Experimental Study of Optical Measurements. Will use
a telescope having a diaphragm and a split image to measure
the sun's disk, the moon's disk, and twc close stars. Will
investigate limits on diffraction of optical systems at
different ends of the light spectrum. Also alinement accuracy
based on (known) resolution.

Flight Research Center (FRC).-

a. Current programs.-

(1) A study of factors affecting the pilot's capability
during exit and reentry conditlons of varying severity is
planned utilizing the performance capability of the
X-15 airplane. Tlights during the expansion of the airplane
envelope will provide the opportunity to obtain data for this
investigation. Later tests specifically for this investi-
gation will be made to more extreme exit and entry conditions.
About 5 minutes of zero g can be obtained with the large
engine version of X-1D5.

(2) A program to investigate the reaction control require-
ments for space vehicles is being conducted using F-104 and
X-1% airplanes. Reaction control systems being investigated
are: on-off, proportional, reaction-control augmentation,
end rate command. During the program with the F-104 airplane,
dynamic pressures of the order of 6 lb/sq,ft have been
obtained. The X-15 program will begin in the spring of 1961.
The reaction control systems used will have a maximum thrust
of 90 lbs. Maximum altitude reached for the F-104 tests was
87,000 ft.

(3) Supersonic and hypersonic handling qualities are being
studied using the X-15 as the research vehicle. Also, a
comparison of theoretical, wind tunnel, and £light stability
and control derivatives will be made over the flight-envelope
capability of the airplane. Comparisons up to a Mach number
of 3.0 have been made and show good agreement.

(4) The effect of extreme altitude and zero g environ-
ments on systems is being studied using the X-15 and
F~104B airplane. Tests, to date, have used the F-104B air-
plane. A number of equipment problems have developed under
these conditions.

(5) An adaptive control system is being developed by
Minneapolis-Honeywell Regulator Co. for the X-19 airplane.
Several modes, i.e., fully adaptive, rate command, normal

RN
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acceleration command, end altitude hold, will be available

for evaluation in flight by the pilot. The system has already
been evaluated on the X-15 six~degree~of-freedom flight simu~
lator. With this system the handling quslities of the airw
Plane were greatly improved. Flight tests are scheduled to
begin in September 1961.

(6) A continuing program of FRC concerns the assessment
of simulation requirements in various flight regimes. Pilot
opinions of airplane handling in various regimes, including
the extreme semiballistic trajectories of the X~15, will be
correlated with ground simulation in an attempt to better
define simulator requirements.

(7) A broad study is being sponsored by WADD to define
the energy-management system requirements for various Space
vehicles, If feasible, the system resulting from this study
will be tested in the X~15 airplane. Also, the determination
of terminal-guidance requirements and the landing character-
istics of low lift-drag ratio configurations is belng studied
at the FRC.

(8) Measurements of physiological information on pilots
during flights to extreme flight enviromments are being made
in an attempt to correlate pilot performance, opinion, and
workload, and also to determine the effects of extreme flight
enviromments on the pilot. Both X-15 and F-104 airplanes
will be used to provide the desired environment.

(9) Flight evaluation of a ball or hot nose as an air
data source is being conducted. Comparison with more
conventional sensors is in progress.

(10) A variable stability airplane (F-100C) in which the
pilot can change the stability and damping over wide limits
is being used to study the control problems associated with
the X-15, Dyna-Soar, and other vehicles,

(11) A program has been initiated to investigate the con-
trol requirements of the Dyna-Soar vehicle using an analog
simulation of control conditions to be expected during the
Dyna~-Soar trajectory. Preliminary results indicate that the
basic Dyna-Soar vehicle control is marginal over much of the
angle of attack (0° to 50°) and Mach number (0.2 to 20) range
capability of the vehicle. This is attributed, primarily,
to very light damping and severely coupled motions resulting
from aerodynamic control coupling, dihedral effect, and
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coupling due tc angle of attack. Simple rate dampers made

the vehicles controllable in most regions, but adverse control
moments and coupling made precise maneuvering difficult.
However, an adaptive control system with rudder interconnecct
provided near-optimum hendling characteristics over the operat-
ing envelope of the vehicle.

(12) A study of the display requirements for the accurate
stabilization of a piloted vehicle being used as a platform
for astronomicel observations has been initiated. Quickening
is being studied as a means of increasing the efficiency of
the pilot Manual Control System.

b. Completed programs .-

(1) simulator Investigation of Orbital Rendezvous
Problems - NASA TN D-Dll.

(2) Utilization of a Pilot in the Launch and Injection of
a Multistage Orbital Vehicle. Reports published:
TAS Preprint No. $0-16 and U.S. Air Force NASA Conference on
Lifting Manned Hypevvelocity and Reentry Vehicles - Part 1T,
Paper 20.

(%) Review of Techniques Applicable to the Recovery of
Lifting Hypervelocity Vehicles. U.S. Air Force NASA Confer-
ence on Lifting Manned Hypervelocity and Reentry Vehicles -
Part I, Paper 20.

(4) simulator Studies of Jet Reaction Controle for Use
at High Altitudes - RMH58Gla.

(5) Flight Conmtrollability Limits and Related Human
Transfer Functions as Determined from Simulator and Flight
Tests. Proposed NASA TN.

(6) An Analytical Approach to the Design of An Automatic
Discontinuous Control System. Proposed NASA TH.

(7) Controllability of the X-15 Research Airplane with

Interim Engines During High-altitude Flights. Proposed
NASA TN.

MSFC Apollo-related Guidance and Control efforts:
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a. Attitude Control Systems.-

A series of feasibility studies have been made towards the
stabilization of vehicles in space enviromment. The systems
studied are based on stabilization by inertial Tlywheels plus
expulsion devices. Originally the studies were based on the
2h-hour satellite application which had unique problems of
its own, but essentially the results of the studies are
applicable to Apollo. For the 2hehour satellite, power and
weight were of utmost importance rlus the fact they were to
operate in vacuum. Theoretical analysis, simulations, and
later, the design and construction of instrumentation to be
mounted and tested on the satellite motion simulator was
accomplished. At present a single-axis system is working on
the simulator and a three-axis system should be operating in
February 1961. From these studies should develop complete
design specification for attitude control of vehicles of
three different weights.

Two developments in instrumentation are at present going
on. These are:

(1) Transistorized commutator motor (brushless) which
will operate in vacuum.

(2) Magnetically-suspended spherical flywheel., A ring-
shaped model is working at present in the laboratory.

In addition, a number of engineering programs are going
on in the field of attitude sensing such as horizon stellar
sensors for attitude determination and navigation. Contract
with Barnes Engineering Company has been initiated to develop
a universal horizon seeker which gives attitude sensing and
altitude. Another is a feasibility study and contractual
supervision of a lateral velocity over altitude meter (V/h).

b. Inertial FEquipment .-

A four-gimbaled inertial platform is being developed and
a prototype model will be built this year and should be
tested and flown as passenger on SA-ITI or SA-IV.

¢+ Guidance Theory.-

Most of the work done in this field is that due to
Dr. Hoelker and his group in the Aercballistics Division.
The system as being developed there is to be universal in

. - -
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that it will adapt itself to wide variations in flight condi-
tions such as may arice in a multiengine and multistage
rocket system with fuel minimized. The development involves
an enormous computation program and has not been worked out
in full detail. The pertinent equations are in series form
and from +this arises the instrumentatlion problem - how many
terms of the series are necessary for the required accuracy?
This determines the size of the onboard computer. The system
is being extended and applicd bto midcourse navigation and
reentry into the carth'c atmosphere. The system should be
more completely defined in 5 to 6 months. The englneers in
Guidance and Control Division have made a preliminary study
on instrumenting the system, and indications are that the
computer requirements will not be unreasonable,

For application to midcourse, Dr. Schultz-Arenstofi is
adapting the same methods for the complete orbit from
injection to reentry. This will require about 6 months.

A separate study is being made of the reentry phase both
in Cuidance and Control Division and in the Aeroballistics
Division. These studies are based on a path-control
tecinique, and involves a rather simple system compared to
the adaptive types. Filrst resuite indicate an accuracy of
*1% kilometers.

A block diagram for the Saturn gulidance system was pre-
sented which also included the generslized guldance
equations. (See fig. 1.)

The reference of the following reports was noted:

(1) Kennel, Hans F., and Drawe, (. ©.: (easibility Study
of an Attitude Control System For Space Vehicles.
Rep. No. DG=IM-17-59, Army Balligtic Missile Agency,
(Redstone Arsenal, Als.), Apr. G, 1955.

(2) de Fries, I'. J.: THoerizon Sensor Periormance in
Measuring Altitude Above the Moon. NASA George C.
Marshall Opace Flight Center, Jul. 15, 1960.

(7) Hartbaun, Dr. Helmut K.: One-Axis Radio Attitude
Sensor. Reps. Nos. TWP-M-G and C-I 60, HASA
George . Marshall Space Fiight Center, Sept. 8, 1960,
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(4) de Fries, P. J.: Analysis of Hrror Progression in
Terminal Guidance for Lunar Landing. NASA George C.
Marshall Space Flight Center, Sept. 15, 1960.

(5) Webster, John L., and Schultz, David N.: Study of a Simpli-
fied Attitude Control System for a 2k-Hour Satellite.
Reps. Nos. M-NN-M-G and C—7—60, NASA George C. Marshall
Space Flight Center, Sept. 30, 1960.

(6) de Fries, P. J.: Guidance Concept for Lunar Landing,
NAUA George C. Marshall Space Flight Center,
Oct. 10, 1960.

(7) Hoelker, R. F.: Theory of Artificial Stabilization
of Missiles and Space Vehicles With Exposition of
Four Control Principles. Rep. No. MIP-M-AERO-60-7,
NASA George C. Marshall Space Flight Center,

Nov. 7, 1960.

(8) Anon: Terminal Phase of Soft Lunar Landing (Data
Sheets). NASA George C. Marshall Space Flight Center,
Nov. 1960.

(9) Webster, John L., and Schultz, David N.: A Three-
Axis Study of a Flywheel Type Attitude Control System
Progress Report. NASA George C. Marshall Space Flight
Center. Jun. 30, 1960.

(10) Webster, John L., and Schultz, David N.: Progress
Report Space Vehicle Attitude Control Systems Analysis.
NASA George C. Marshall Space Flight Center.

Feb. 15, 1960,

Jet Propulsion Laboratory (JPL) noted that the JPL Space Progress
Summaries contain a full exposition of JPL's Apollo-related Guidance
and Control efforts and then proceeded to discuss the Guidance and
Control for Ranger, Surveyor, Mariner and the Mars Probe.

The Attitude and Control System is essentially the same for all
three vehicles. It consists of cold gas, N2 Jjets at 15 psia. The

solenoid valves are operated in an on-off fashion. Control is by means

of rate gyros and sun and earth sensors. N2 is stored at 3,000 psia

and 1s dropped to the nozzle pressure of 15 psia through a single-stage
pressure reducer. Maximum angular accelerations are low, on the order

of 2 X 107" radius/secz.

e
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The Sun and Larth Sensors will be arronged about the spacecraflt
in such a way that there is only onc attitude which will produce a
simdtancous mull in all sensing arvays. 'Clailrex" photoconductor
cells will be used which have been precision mabched for temperature
characteristics. Nortronics is producing primery sensing ascemblies
(designea by JPL) which have an angular accuracy of +0.0%7. These
sun sensors consist of a matched palr of photoconductor cells, each
of which is partially shaded by one end of a "shadow bar" which is
raised above the surface of the spacecraft. At null, the photocells
are cqually illuminated. One assembly is used for roll, one for yaw.
Barth-sensing is accomplished by an array of threc photomultiplier
tubes arranged in a triangular pattern and each partially shaded by
a "T"-shaped shadow bar consisting of a staff and a crossbar parallel
to, and slightly raised from, the spacecraft surface. Two of the
photomultipliers are located on the spacecraft surface below the
intersections of the edges of the staff and the crossbar of the "T".
The third photomultiplier is located on the surface of the spacecraft
at a point eguidistant from the other two and such that it is half
shaded by the side of the crossbar opposite from the gtaff. The
photomultiplier outputs are chopped, demodulated, then sums and
differences are combined to provide control signals for roll and for
earth-pointing antenna alinement. One interesting feature of this
system is that it will function even when the earth 1s not completely
i1luminated. This is due in part to the fact that the antenna beam
width includes the entire earth disk at any appreciable distance.

Other sccondary sensors will be lccated about the spacecraft to
provide course control for earth, sun or star acquisition.

The same system will be used for both Mars and Venus except that
for Mars a star reference will be used since the earth is poorly lighted
as seen from an earth-Mars tlrajectory. While near earth, a star close
to the ecliptic pole will be used and near Mars, Mars will be used.

The star-Mars reference would be used for roll control and a stored
program would be used for control of the earth-pointing antenna.

Midcourse corrections are initiated by radio command from earth.
The spacecraft will perform a pair of single-axis, gyro-supervised
turns, then thrusting will commence. The midcourse engine will have a
thrust of 50 1lbs. Control is by means of four vanes in the jet servoed
to the pyros so as to null angular accelerations. After thrusting, the
system would automatically revert to the reacquisition and cruise mode.

The Tollowing ctudics are being conducted by STG in support of the
Apollo Guidance and Control requirements. These studies are in an
carly phanc at the present time.

Ty .
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a. Predictor-type Guidance Scheme for Abort and Reentry
Navigation.~ Concists of a prediction computer sclving simplified
equations of motion of reentry and display to the man a "footprint
or fan." This scheme is being investigated for use in controlling
skip.

b. Apollo Abort Separation Study.- This study is intended to
determine the effect of 1ift and engine gimbaling arrangements on
abort thrust level and impulse requirements.

c. Two-body Prediction Midcourse Guidance Study .-~ Determi-
nation of system accuracy and fuel consumption.

d. Preliminary Lunar Landing Study .- Determination of guid-
ance system to effect .a lunar landing.

e. Position Computer Study.- A mechanization of a system to
provide position and velocity information.

A brief discussion of the objectives of each of these programs was
given. The intended result is to obtain a complete guidance scheme thsat
can be evaluated for error propsgation.

A number of suggestions for Research and Development required for
Apollo were discussed, including:

a. An "absolute emergency" navigation system in which the
crew would use only a land camera and a sliderule.

b. Can radio ranging be used to reduce the accuracy require~
ments for celestial observations? Would such a composite system
fall within the limits set by the Apollo guidelines?

c. It was noted that studies had been performed on the effects
ol crew motions within the spacecraft on attitude alinement and
control requirements. The effect was found to be quite small.
Such a study might also be conducted for rotating machinery
onboard.

d. Problems of planet tracking when the planetary disk is
only partially illuminated must be studied further.

e. A study should be made of the transient effects of guid-
ance updating by external information.

f. The effects of artificial g confipgurations on obser-
vation and guidance should be investipgated.

.
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¢. It was suggested that a "how goes it" or mission progress
evaluation display should be developed for the crev sultable for
an entire mission.

h. An abort guidance scheme is needed including an abort
decision computer and pilot display. It was noted that
William Roger Teague has been working on an "abort sequence"
scheme.

i. It was suggested that earth-orbit evaluation of the
position computer input be accomplished in a highly eccentric
orbit (500 to 1,000-mile perigee; 60,000-mile apogee) .
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SECTION VI

EXCERPTS FROM
PROJECT APOLLO MINUTES OF MEETING
OoF

TECHNICAL LIAISON GROUP - CONFIGURATIONS AND AFRODYNAMICS
January 12, 1961

Ames Research Center

Moffett Tield, California
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a. Space Task Group (5TG).- A short motion picture was shown of
the hard surface and water landings of a lenticular model. Horizontal
landings were made directly on the curved heat shield. The model
behavior during hard surface landings indicate landings of this nature
to be feasible but violent motions resulted upen water impact. Most
of' the group felt this reentry vehicle presented a promising landing
concept and warranted further investigation.

Apollo Working Paper No. 1006, entitled, "An Analysis of the
Errors in Position Given by an Cnboard Lunar Navigation System Using
Observations of Celestial Bodies" was referenced.

b. Ames Rescarch Center (ARC).- Projects pertinent to the Apollo
mission. The configurations investigated to date include:

(1) Mercury-typé capsule

(2) Ames M-1

(3) Ames M-2

(4) Ames flat-faced cone

(5) Disk-type (lenticular)

(6) Dyna-Soar and other winged configurations

In addition, some aerodynamic tests of boosters considered to be
of interest were included.

The Ames M-1 has received more extensive investigation of the
configurations, and most of the results are presented in an in-house
report. It was noted that little emphasis at Amers has been directed
towards investigations of parachute landing syctems.

c. Marshall Space Flight Center (M3FC).- The primary efrort
concerning the Apollo vehicle is the aerodynamic inCluences of varioms
Apcllo shapes on the booster during ascent. A preliminary chbudy has
been made of a sphere-frustum configuration with centrol Tlaps. Alec
discussed were the aerodynamic characterictics of spherically biunted
cones . Aerodynamic design charts have been prepared for cpherically
blunted cones. These dabn were taken from bobh published and un-
published wind-tunnel data, and, where poscible, were comparced Lo
existing theories. Hypersonic values as predicted by the Newhoninn
thoory were also included.
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da. Jet Propulsion Leboratory (JPL).- The status of work at JPL
pertinent to configuration and aerodynamic group activity was outlined.
JPL is engaged in the development ard operation of unmanned lunar,-
planetary and deep space probes. The aerodynamic research and develop-
ment at JPL is concentrated in the following subjects:

(1) Entry into planetary atmospheres from both hyperbolic
and elliptic orbits

(a) Mars hyperbolic entry
(b) Venus hyperbolic entry
(c) Return to earth of lunar material samples

() Aerodynamic constraints on spacecraft from launch to
injection

(3) Advanced gas dynamic research

e. langley Research Center (IRC) .- Work now in progress or
proposed at Langley pertinent to Apollo is divided into the following
general categories: trajectories and rendezvous; guidance and control;
instrumentation and data transmission; propulsion; auxiliary power;
configurations, reentry aerodynamics, and heating; structures and
materials; dynamic loads; environmental hazards.

Langley configuration studies were briefly discussed.

(1) The Langley configuration studies (for the reentry
vehicle) began with four basic shapes designated L-1, L-2, L-3,
and L-4 and were selected so as to encompass widely varying
shapes with the hope of exposing any major advantage or disad-
vantage of a particulsr approach. All vehicles were designed to

2)
tM(w&mofB%%ﬁi and maneuver, trim, and control capability
from the angle of attack for (L/D)max (lowest a 1limit) to

1
have hypersonic (L/D)maX of the order of =, internal volumes of

angles of attack up to and in some cases beyond 900 angle of
attack. The current versions of these vehicles are sketched in
figure 1; all have undergone changes and fixes as the result of
problem areas exposed in earlier tests, and all the versions
shown here have been tested hypersonically.

The L-1D vehicle is an outgrowth of an extensive parametric
study of both round-bottom and flat-bottom half cones begun about
1 year ago, in which such features as face cant, cone half angle,

+NREREa
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ete., were studied. To give an example of problem areas that have
been encountered and remedied by fixes in the course of tests of
the L-series vehicles, figure 2 shows how sweeping the flap-hinge
line on the L-1 type eliminated most of the adverse yaw generated
by roll control.

The L-2 vehicle was included in the overall program because
there was some early feeling based on preliminary estimates that
this approach might prove to be the lightest vehicle, and
secondly, this approach tended to take advantage of any Mercury
technology that appeared suitable for the Apollo mission. Para-
metric studies of face and corner radii and flap sizing have been
made and are continuing on this approach. It should be mentioned
here that the letter designations A, B, C, etc., shown in figure 1
affixed to a vehicle designation, do not imply that only a certain
nurber of modifications have been explored; for example, while
L-2C is the currently selected version of the L-2 type, versions
L-2 through L-2E have been tested (the original version of any
type had no letter suffix).

The L-3 approach was included since a delta-shape reentry or
lifting face was found in preliminary heating studies to give the
lowest total heat load; further, the heating and aerodynamic
characteristics have received considerable study. The implication
here was that this approach might prove to be one of the lightest.

The L-4 approach was built primarily around a catering toward
what was felt to be the most efficient stacking and packing of
equipment, etc. In this connection, layouts of the equipment
were made with sufficient accuracy for all vehicle types to insure
that the internal volume and vehicle size were reasonable, and to
determine the region within which the center of gravity might be
reasonably positioned.

(2) Vehicles L-5 and L-6 were slenderized L-1 types, having
(L/D)max values of the order of 1 and l%; both were eliminated
from further study early in the program. Two vehicles have been
added to the program recently. These are a STG proposal of the
lenticular type which LRC has designated L-7, and the blunted
full cone proposed by the MSFC which LRC has designated 1-8.
Both 1L-7 and L-8 have undergone some tests at IRC; these vehicles
are shown in figure 2.

(3) Vehicles L-1 through L-4 are envisioned as reentering
at high angle of attack with a nominal L/D of the order of 0.3
or so and by varying o and L/D and maneuvering, would make

<~
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the necessary corrections to reach the desired landing polnt.
The landing system proposed for these vehicles is a paraglider
final descent (beginning at high subsonic speeds) with a para-
chute backup system. The paraglider would make a flare landing
with the order of a foot or so per second vertical velocity and
about 30 to 40 ft/sec horizontal velocity (nc wind). In the event
that landing as made without fiaring (emergency condition), max-
imum vertical velocity would be about 16 ft/sec and maximum
horizontal velocity about 60 ft/sec (with %0 ft/sec wind). The
I,-8 vehicle envisions much the same landing system as the L-1
through L-4 systems, but reenters at small angle of attack, and
its pitch and yaw maneuvers are limited to about +11°,

The L-7 vehicle is envisioned as entering at fixed attitude
(L/D =~ 0.3) and with.no employment of aerodynamic controls during
reentry. When low speeds are reached (high subsonic or low
supersonic) rigid surfaces are unfolded from behind the rear
portion of the vehicle that would give it conventional landing
capability at a prepared landing strip; it would belly-in to a
skidding landing at about 160 ft/sec horizontal velocity (no wind)
and a foot or so per second vertical veloclty.

(4) Reports are now in preparation on the aerodynamic
characteristics of these vehicles, and it is beyond the scope of
this summary to attempt even a summation of this work. The
current versions of the L-1 through L-4 vehicles have generally
good static longitudinal and directional characteristics and
trim capability over the required o« range. The main difficw.ties
have centered on control and cross-coupling. Vehicles L-3A and
L-4A are still saddled with problems of this nature, and while one
could keep chipping away and making fixes, it seems unwise 1T
these vehicles do not offer scme special advantages over the others.
Furthermore, it appears that the objective of freezing the approach
by late March 1961 is still sound. Accordingly, LRC has dropped
che 1L-% and L-4 approach from further study.

(5) 1In comparing weights of reentry vehicles, 1t has been
assumed that each will have the same equipment and same internal
systems weight. With this assumption, weight comparisons can be
made on the basis of only structure plus heat protection weights.
Such comparisons have been made with inputs from the Structure:s
and Aero-Physics Divisions at LRC, based on a common trajectory.
Further refinements are currently being made to the heal load
calculations along with studies of the influence of different
trajectories. Currently, the picture for the L-1D, L-2C, L-7,
and L-8 is about as follows for the weight of the structure plus
heat protection plus basic landing systen. (No backup system nas

PORRBRFTaN NS =S rss =S g
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been included since this is assumed to be a chute of the same
weight for all. The basic system {or the L-T7 1s the extendable
rigid surfaces, and for the other vehiecles it is the paraglider.)

Vehicle Weight, 1lbs (Structure 4+ heat protection
+ basic landing system)

L-1D 3,000
L-20 3,000
L-7 2, 300
-8 3,800

These weights must be regarded as tentative, but they should
be indicative within *200 pounds. On this basis there ig little
debatable difference between the first three vehicles. The L-8
will undoubtedly be heavier because of its high heat protection
weight that is associated with its W/CDA being some 4 or

times that of the other vehicles. (Recall that it is proposed
to operate at a =~ +11 .} If advanced heat protection systems
come alcng with wunit weights sulficiently small to cause signi-
ficant reductions in the I,-8 heat protection weight, or should
these few hundred pounds additional welght not be a cause for
concern to the booster capability, the 1-8 appears to be 5
highly competitive approach and LRC feels it should remain in
the competition. 'Of course, whatever weight benefits can be
counted on for L-8 from reduction in heat protection unit
weights by use of new ablabtion materials would alco apply to¢ the
other vehicles; thus, the heat protection weight showld always
be less Tor vhe other vehicles. The total weight of these
reentry vehicles would probably range between 6,000 and 7,000
pounds . <

(6) With regard to the I-7 vehicle, after discussions at
IRC, 1t was concluded that the fixed attitude approach is not
desirable. However, this could probably be taken care of in
some manner by reaction and acrodynamic controls similar to
those that would be used on the L-2C. The major obj
the L-7 appears to be its londing mode and the asusocinbed
hazards. Tt must reach itu presclected and prepared landing
site on lond, or some other prepared site on land, to make its
160 ft/sec belly landing a success: at least this iz the indicn-
tion of tests to date and the consensus of opinion at TRC. Water
landings appear most hazardous . Furthermore, except for being
tailored to this beily-in landing feature, L-7 is basically little
different from the 1L-2C approach when the capnbility for attitude
variation is added to L-7. The Teeling at IRC is that i the
paraglider shows the same type of rellability in large-scale

T -
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tests (a large-scale program is getting under way at IRC in
connection with both Saturn recovery and final phase letdown
and landing for reentry vehicles) that it has achieved in
small-scale tests, the potential advantages of this system
outweigh other systems. No insurmountable problems have been
encountered in preliminary engineering designs of large para-
gliders. What is needed now is reliability demonstrations with
unmanned and manned drops. This is planned.

Primarily because of the possible landing hazards associated
with L-7, it has also been dropped from further consideration by
IRC.

(7) The vehicles that are currently under consideration at
IRC are shown in figure 3. Additional studies are in progress
on these vehicles. The dynamic stability characteristics are of
particular concern, and this area is being examined both analyti-
cally and experimentally, including such studies as the effect of
the edge radius on L-2C and the ability of the extended flaps to
damp. Although other liaison groups have the responsibility in
these areas, it should be mentioned that extensive analytical
and experimental heating studies together with trajectory studies
are continuing.

Of the three vehicles shown in figure 3, two have axisymmetry
while one, L-1D, does not. There are some advantages to a symmet-
rical vehicle in connection with mating the vehicle to the module,
loads during launch, etc. There are also some advantages to
asymmetry of the type exhibited by L-1D such as during an abort
soon after launch where negative 1lift could be achieved passively,
rather than through vehicle rotation by reaction jets, to give
the desired clearance between the vehicle and the following booster
so as to avold collision or close proximity to beooster explosion.

Note also that I-1D and L-8 have positive lift-curve slopes
whereas L-2C has a negative, lift-curve slope. This may reflect
on the outcome of the dynamic stability studies now in progress.

It should have been mentioned carlier that all the vehicles
under study have leaned toward matching, or nearly so, the 10-foot
upper stage diameter of Saturn C-1 and four-stage Saturn C-2.

L-1D is about 10 feet in length by 12% feet in width; 1L-2C is
11.6 feet in diameter; L-8 ic 10% feet in length and lO% feet in

diameter. All the vehicles are envisioned as being mated to the
top of the mission module. The access hatch for L-2C would be
consbructed through the heat shield. This offers no complication

GRS



to speak of, ac has been confirmed by the design of such hatches
at LRC and by several industrial groups. The storm cellar walls
contain guidonce and in-Fflight abort fuel to serve the additional
purpcse of shieclding from the radiation produced by low energy,
high flux, solar events.

. Fliight Research Center (FRC).- Activities at FRC related to
Project Apollo. Most of the activitics at FRC are concerned with the
X-15 and Dyna-Soar configurations. It was noted that initial Dyna-Soar
configurations made use of escape capsules, bul, the vehicle ig now the
primary escape mode. Land landings are the primary operational mode
and water landings are treated as an emergency condition (ditching).

It was pointed out that analytical studies of the landing charac-
teristics of a lenticular vehicle Indicate that the pilot schould have
no trouble executing a normal approach or flare for a touchdown at
little or no vertical velocity. An investigation is in progress of
the possibility of simulating the landing of bhe lenticular vehicle
with a current fighter.

Two other rlight tests mentioned will be of parachute and para-
glider landing systems. Parachute systems Tor B-58 bailout capsule
will be investigated at Mach No. 2.2. The other flight test will be

i 1 . s . . - . .
to launch a %-size [irst-stage Saturn booster from a B-952 to investi-
5 5

‘gate paraglider system for booster recovery.

The following recommendations tor Research and Development were
offered:

(1) That invectigalion be made Lo delermine the effects of
Feynolds number on control surfaces. Preliminary tests indicate
trose offects could be large.

(2) That investigations be made to defermine bhe aerodynamic
heating of ~untrol surfaces.

(3) That studics be made of the roll conbrol maneuvers with
center-of-eravity olfselt for range control.

() That continued offort be made to improve the water
landinge behavior off the lenbticular configurabion.

(5) Thot becht: be made of packasing and deployment of para-
glider Landing syatoms Tor reentyy vehicles.
(6) Thol Lests be made of mudbiple parschule landing systems.

P v
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(7) That tests be made to determine the effects of jet
impingement upon the static and dynamic stability.
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PREENTRY  VEHICLES

Section VI, Figure 2.- Reentry vehicles.
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SECTION VII

™

EXCERPTS FROM
PROJECT APOLLO MINUTES OF MEETING
OF

TECHNICAL LIATISON GROUP - HUMAN FACTORS

Jenuary 11, 1961

Ames Research Center

Moffett Field, California
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a. Ames Research Center (ARC).- Life Sciences Research to support
Apollo is as follows:

The studies which have been conducted at the ARC and which have
significant results of interest to the Apollo project in the life
sciences field have been centered around two separate but closely
related projects. One is the meaningful tolerance to acceleration
studies with the pilot seated in the forward~facing position and the
other is one which has to do with medical instrumentation adaptable for
use in monitoring the pilot's physiological status while airborne or in
a flight simulator.

There are complete reports of the work done in these projects
available as NASA Technical Notes D-91, D—545, and D-351. Technical
Note D-91 has to do with restraint systems for use with a pilot seated
in the forward~-facing position and experiencing accelerations along four
different vectors, namely -AX or eyeballs out, +AX or eyeballs in,

AN or eyeballs down, and a combination of —AX and AN accelerstion

or eyeballs down and out. Considerable progress has been made in the
design of restraints since this initial effort which will be illustrated
in a subsequent film and siides. Technical Note D-345 discusses the
physiological effects of accelerations in the directions just enumerated
up to a magnitude of approximately 6g and maintained for approximately

6 minutes while the pilot performed a relatively complex tracking task.
Technical Note D-%351 ig a report on the flight eveluation of an airborne
physiological instrumentation package which included some preliminary
results under conditions of varying accelerations ranging from zero
gravity sustained for 20 to 30 seconds to 57 during the post-zero gravity
period.

Since these reports were written, there have been two other studies
made which are related or are a continuation of the work described in
these reports. One study is a continuation of the use of the airborne
physiological instrumentation package in some Tlights of an F-104B air-
craft. These flights were being made primarily for studies of control
capabilities during zero gravity of about 60-second duration which was
preceded and followed by short periods of 3g AN or eyeballs-down

accelerations. The other ic a study on the Johnsville Centrifuge this
past November which enabled us to Turther perlect inctrumentalion
techniques as well as obtain additional objective data which was not
possible during the studies on the Johnsville Centrifuge reported in

™ D-th. The analysis of the data from these last two studies is not
as yel complete. The study in the F-10"3 served to further prove the
reliability of the airborne instrumentation package reported in TN D-351
and yielded further data concerning the physiological effects of varying
accelerations from O to 3p. The November etiudy at Johnsville permitted
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increasing the effectiveness of the bioinstrumentation under conditions

of acceleration up to as high as 8g for 2 minutes as well as yleld some
rather significant visual and resplratory function data.

As the result of the studies described in TN D-345 entitled,
"Physiologlcal Effects of Acceleration Observed During 2 Centrifuge
Study of Pilot Performence," we became interested in pursuing further
these meaningful tolerance to acceleration studies. We also were
interested in looking further into the areas of interest physiologically
that proved to be limiting factors in this early study. These physio-
logical areas of interest centered about the visual, respiratory and
cardiovascular systems.

Because there had been reported previously that there was a visual
aculty decrement during accelerations which were applied transversely
or at right angles to the spinal axis end for the most part during
eyeballs-out accelerations, it was decided to pursue this complaint
further. The symptoms reported were those ol a loss of sharpness of
the image and were not those agsociated with changes in visual fields
such as are seen during accelerations in the eyeballs-down direction.
These same findings had Leen reported by White and others, but no
reason for their occurrence had been substantiated. It was felt by us
that some mechanical distortion perhaps of the cornea had taken place
during the acceleration which might account for the intermittent and
inconstant complaint of blurred vision. Another factor that was recog-
nized as a possibility was that of tearing.

Tn order to determine if there was any corneal distortion, a tech-
nique for photographing this distortion using the reflection of a
placedo disk on the cornea was used. In order to prove the reliability
of this technique, a subject with 5.5 diopter of astipmatism in the right
eye was photosraphed. Definite distortions in the reflected patterns
were found by carefully measuring the digtance of the rings from a
central point at varying radii about 360", Motion pictures were taken
of the placedo disk reflections on the cornea during the November 1960
experiments at Johnsville, and the photographs are being examined for
distortions at the present time. As yet, no distortion of the placedo
disk reflection has been discovered during transverse accelerations up
to as high as 8g. '

As a scparate approach to the same problem, o rediuced scale Snellen
chart was placed at a distance of 3G inches from the pilot's eye. The
smallect line QO/lb was 1mm in height and this Image subtended an angle
of approximately 3 minutes. The lighl intensity of the posteriorly-
i1luminatcd chart was approximately 30-foot candles. The ability to
read the 20/1% line woas impaired occasionally, but most of the time all
subjects could read the ?O/lb line during accelerations up to 8z. Tear-

ing again scaned to be present when blurring did occur.
4
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Our astigmatic dial was also used which was mounted Just below the
Snellen chart. On only one occaslon was a report made of a change in
the ability to see clearly all radiil of the dial.

On several occasions double vision was reported. This was true
particularly in one of the subjects. A phoropter was placed in front of
the right eye of this subject. This phoropter had & darkened lens in
its right-eye orifice which could be rotated out and a plano-lens sub~
stituted in its stead by the pilot pulling on a string and operating a
ratchet device. The pilot saw the image with the left eye only &s
acceleration came on. Then at & peak acceleration of 8g eyeballs out,
the blocked out lens was removed and the plano substituted. A double
image was seen which could never be brought into focus as a single
image.

As a result of these Observations, it would appear that the sub-
Jective observations of a visual acuity decrement during transverse
accelerations was not borne out by the actual measurement of visual
aculty while under acceleration. That no distortion of the cornea
occurs resulting in an induced astigmatism is also apparent upon
measurement of the placedo disk corneal reflections.

It is true that the accelerations were only prolonged for 2 minutes
on the longest runs. The blurring of vision seen previously came after
more prolonged exposures to accelerations of the magnitude of bg. It is
therefore possible that a vascular change in the retinal area may result
which accounts for the vicual decrement seen after prolonged transverse
accelerations. This could be ascertained by retinal photography while
under acceleration. This project is now under consideration.

The respiratory aspect of the studies conducted at Johnsville in
November 1960 were devoted to a quantitative characterization of the
dysprnea reported by the subjects while undergoing accelerations applied
at right angles to the spinal axis of the body chest-to-back and
back~to-chest,

A WEDGE bellows-type spirometer was mounted in back of the pilot's
seat in the centrifuge gondola which permitted the measurement of tidal
volumes, inspiratory, expiratory and vital capacities while under accel-
eration. It had been our intention to meke nitrogen washout determina-
tions in order to measure ventilatory indices and functional residual
capacities. However, due to the failure of the nitrogen meter to
function properly, these latter values were not obtained. Nevertheless,
some very valuable data were obtained concerning tidal volumes and vital
capacities which the subject was being subjected to transverse accelera-
tions both eyeballs in and eyeballs out at levels of 4, 6, and Sg.

~AE——
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Prior to each run, ventilation volumes were mecasured at one g in
the appropriate position by rotating the gondola placing the pilot in
either the prone or supine position. It was possible under the dynéamic
conditions to determine these same ventilatory volumes. The measurement
of the functional residual capacitics was impossible because of & small
leakage in the closed-circuit system. Ilowever, some qualitative observa-
tions as to residual volumes were possible. It was noted that Immediately
after termination of the g stress with the pilot being subjected to
eyeballs~in acceleration, the pilot took several deep breaths. Assuming
the spirometer regained its one g statos ‘mmediately alter cessation
of the higher g, the shift in bageline suggested a net movement of
about 400ml's oui of *the spirometer vack intc the pilot's lungs during
this period of 10 to 15 seconds. A reduction of the functional residual
capacities is entirely reasonable and is concistent with several other
£irmer observations made during the experiments. In particular, the
pilots had virtually no expiratory reserve during eyeballs in g stress
conflrming the subjective Impression that tne thoraex is compressed.

This thoracic compression was further cvidenced by the Aifficulty of
inspiring even the smell maximal inspiratory volumes achieved during
eyeballs-in acceleration. The net effect of diminished inspiratory
volume and zero exviratory reserve was & morked reduction in vital
capacity. This, in effect, is negative pressure breathing which has

been nointed out by the Aerc Jpace Medical Leboratory at WADD and which
an be counteracted by positive pressure breathing.

In the eyevalls-out direction, however, ne subjects uhoqu larger
vital capacities which included measurablc xp*r%JJ’y reserves. The
mean vital capacities corrected Tor body surface arca arc shown 1n

i
figure 1 for three of the test pllots. The Tourtn test pilot showed
anomalously casy ventilation in the cycballe-in direcclon wnlcn 1s
inconsisten: with the observation of the otlicr three test pllots. This
fourth tesi silot's ventilatory data are included in figure 2. Pilot
number four is of an entirely different somatotype ifrom the other

4+

subjects, veins & feet 2 dnches tall and welghing but 1582 pounds.

¢

Tt is interesting to note that the minute volumes actually increascd
at (g and Og eyeballs out when compared to the 1g level as shown in
figure 3. This may be of conslderable significance. Despite the reduced
minute volume eyebells-in accelerallon, the periods of time were Loo
short [or the development of hypercapnia which could account for the
massive drive to increased ventilation that the subjects showed - a
drive that carried over into the postslress period as is evidenced by
the hyperventilation at that time. Tt may be that transverse g ostress
causes a tonic stimulation of receptors in the lung and perhaps the
chest wall which arc sensitive to deflation. Although the dyspnea 1s
less marked in the eycballs-out divection, the Increased wminute volume
at high ¢ suggests an insplratory drive which, under these easier

.o i I
-



Slppaia® - — 109

conditions of ventilation, can actually be indulged by the pilot. 1In
this slide you will note there is plotted the ventilation of a naive
subject whose hyperventilation was clearly due to apprehension;
nevertheless, the pattern of increased ventilation in the eyeballs-out
direction is still apparent.

Figure 4 shows the mean tidal volumes achieved at each level of
g stress. The tidal volume 1s not very informative datum per se, but
the smaller volumes with increasing g stress in the eyeballs-in
direction are consistent with the more clear-cut changes in vital
capacity.

The cardiovascular findings of note in recent experimentation
involve the blood pressure findings obtained in Tlight during zero g
parabolic maneuvers in the T-33 as well as the F-104B. A consistent
fall in diastolic pressure is noted during the zero g period with
little change in systolic pressure. During the F-104B flights,
ventricular extra systoles are noted during the postzero g period of
5g acceleration, (AN), which were not noted during the prezero g

period of 3g acceleration on two flights. It might be significant that
these extra systcles occurred during the postzero g 3g acceleration
and illustrates some intolerance to acceleration after a period of

zero g. Time histories of the heart rate, respiratory rate and blood
pressures are shown in TN D-351 for the T-33 flights and in the
"handouts" for the F-104B flights.

Work which is planned for the near future includes:

(l) Angular acceleration threshold studies to be made by Mr. Brant
Clark on the ARC three-degree-of-freedom simulator and possibly in
aircraft.

(2) Johnsville Centrifuge studies in March and April will cover
the following items:

(a) Performance-type tolerance versus time-acceleration
studies.

(b) Post-acceleration performance studies using an ILS
approach task.

(c) Side arm controller evaluations plus ventilation studies
to include nitrogen washout studies giving ventilatory indices,
both for time and nitrogen levels at time of leveling off;
functional residual capacities; 002 levels; tidal and minute

volumes in eyeballs down, eyeballs out, and eyeballs-in directions
of acceleration.

TR - -
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(d) Effect of rate of onset on pllot performance.

(e) Performance during drag-modulated entries including
effects of rate of onset.

(3) Medlcal Instrumentation:

(a) In-flight telemetry of physiologicai data. (Subject to
vehicle to ground.)

(b) EEG trensducers and amplifiers. Dr. Noel Thompson, PAMRF.

(c) Pending proposals from Southwest Research Institute and
Corbin and Farnsworth for indirect recording of blood pressure
without use of the cuff method and a vectocardiographic read-out
system giving instantaneous evaluation of cardiac malfunction on
the basis of a real-time display of magnitude versus time-and-phase
angle versus time of the electric cardiac vector.

(4) Restraint System for omnidirectional acceleration stress which
is primarily directed at sustained accelerations, but will be investi-
gated from the standpoint of impact support.

(5) Vision Problems in Trensverse Acceleration - Would like to
fully evaluate the problem. Dr. Tom Duane is interested and would like
to do some retinal photography.

(6) X-ray Studies of Thoracic Contents - Cinematography using
millisecond exposures at 2,000 amperes is being contemplated by
Dr. Earl Miller, Head of the Department of Roentgenology, University
of California.

Dr. Smedal also described the extensive simulation fecllities
available at ARC including the present two- and three-degree~of-freedom
cockpits as well as the large air-bearing simulator and the
five-degree-of-freedom centrifuge currently under construction.

ARC has been doing work on a "portable'" omnidirectional pillot
restraint system. The pilot is laced into his "seat" which is artic- -
ulated. He can connect it to fastenings in the simulator or spacecraft
for restraint or uncouple to move about. Present designs are somewhat
bulky, but work is continuing to improve this situation.

b. TFlight Research Center (FRC).~ Apollo-related efforts are &s
follows:

Tnvestigations pertaining to Human Factors have been grouped in
three main categories. These are: (1) Determination of pilot control
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capability boundaries and the factors intluencing thesc; (2) Physiologi-
cal; and (3) Display. Most of the current work involves the =15 and
the analog simulator. Futurve work is plenned which will involve other
research aircralt such as the F-100 oad the F=-100C variable ctablliby
airplane.

The determination of pilot control capasbllities and the factors
influencing these ia accomplished with three research tools: A-1D,
F-100C variable stability ajrplane, snd the analog simulator.

(1) X- X-1) ~ fQuantitative and que 1itative evaluation of pilot

performance during flight while subje r-'to("t to the varying acceleration
profile will be undertaken. This can consist of longitudinal accelera-

tions Trom 2a to e onprovimately, prolonged zero g, and high-sustalined
1ormal. . The moderabe level of Jongltudinal acceleration 1e oimilar
4o levels expectod in soame bonsted trajectories. Performance in flight
will be comparcd to perfovmance in the fixed-bose simulator fov the same

missions. The nev, larger enginc will permi® flights with zero g
duration of from % to O minutes as well as higher positive g levels.

(2) 7-100C - Varichble Jhability Airplane - Determination of the
minimun acceplable control reqvﬂromcntn for X-1%, DS, and other Tuture
vehicles Trom the pilot adaptability aspect. This will involve develop-
ment and utilization of various Cvntrﬂl technilques.

- N " - - - . . a3 . . L3
()/ Anoloc Sihmilator - Determination of minimum control reguire-
ments for & wide rance of configurations and development of control

technigues. In addibion, examination of control systeme to Improve
control capability through variation in syston res ponuc, controller
design, ete., the variov: pnasce ol orbllal Ulishi \nom,h—c11'<e—re entry )

will be examined to define pilot capabilily and performance.
Physiological investigations include the X-1D and other research
airplancs A physiological package is presently in use in the X=1% to
record: (l) helmet o suil differentisl pressure, (2) sult pressure,
(3) cebin tempcrature, (4) pilot's Lody temperature, (5) respiration
rete, (G) pulsc rate, (7) HKG, and (8) oxygen flow rate. UTotal oxygen
consumption is also obtaincd from preflight and poctflight quantity
measurements. cuantitative measurcments of pilot performence under
flight conditions will bc obtained by comparison with simulator per-
formance. COoomic radiotion instrmentabion will be installed externally
on the X-19 cockpit. Otlher investigations arc planned to evaluate
another physiologsical vackace in an 100 WLLLh will weasnre all the
previously-mentioncd gquoentitles in addition to blood pressure.  Doth
physiolopical packares will be vsed in the similator prior to fllght To
establish a buseline performonce level. An dnvestication of the clfects
of spatial enviromnent, (vero ), on pilos pereeption of simulloneous
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orthogonal angular rates is planned in an 7-104 for comparison with
results obtained in ground-based simulators.

The display investigations will include quantitative evaluations of
scanning procedure variations and instrument utilization during X-15
flights. An energy-management display development is planned for use
in the X-15. Display quickening will be evaluated in an F-104 reaction
control airplane and the F-100C variable stability airplane to evaluate
the performance improvements. Provisions for displaying attitude rate,
& and B, etc., will be incorporated. Tape-type o« and g indicators
will be used in the reaction control F-104 airplane. An analog investi-
gation of display requirements is planned which will include evaluations
of present systems. The effects of quickening on controllability
boundaries will be investigated on the simulator.

FRC is most interested in the contact analog visual display system
developed under the Army-Navy Instrumentation Program of which one
version is being installed in the A2F-1 airplane, another in the Shark
nuclear-powered submarine. FRC pllots are planning to test-fly a
version of this display which is being installed in an RIY by NADC,
Johnsville.

FRC will do some testing of adaptive control systems, probably in
the F-100C variable stability airplene and in simulators. The systems
will adapt in the sense that gains will be adjusted automatically as a
function of the dynamic response of the aircraft-to-control inputs.

FRC is interested in pressure sult development work.

¢. Lewis Research Center (LeRC).- Work applicable tc Apollo Human
Factors is as follows:

At the present time, work in the Human Factors area at LeRC is
limited to literature reviews for the purpose of accumulating engineer-
ing design information. A paper is being prepared relative to radiation
levels in space and the shielding thicknesses required. Estimates of
shield weights for various type missions are included. Another paper
in preparation summarizes information about meteorite size and mass
distribution, frequency of impact, depth of penetration, etc. Another
effort involves collecting informetion as to food and water requirements,
waste disposal, water recovery, respiratory requirements, favorable
temperature and humidity conditions, etc.

d. ILangley Research Center (LRC).~ Studies relating to Apollo are
as follows:

The following theory was developed by Messrs. Adamson and Davidson:

N
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One of the greatest dangers confronting the astronaut is posed by
the chance of his encountering a solar flare event. These events,
though conforming to the same general pattern, vary markedly in scale.
The types of solar event that pose the major hazard are the so-called
high-energy events of the high-flux, low-energy events.

High-energy events oceur, on the average, once every 5 years.
They are composed of protons ranging in energy up to tens of Bev. The

flux of particles being of the order of hundreds of thousands per cm2
per second.

High~flux events occur more frequently; thus, during the past solar
maximum, as many as four have been observed in a single year. The
protons involved in such an event have energlies in the range of
20 Mev - 500 Mev. However, the fluxes may amount to millions of

particles per cm2 per second.

If we assume these events are randomly distributed, we can assess
the probability of ocur encounters. For example, in an event during a
10-day mission for s high-energy event, the chances amount to one in
200 which appears to constitute an acceptable risk. With regard to the
high-flux events, by virtue of their much greater frequency, the chances
amount to about one in 10. This is almost as risky as playing Russian
Roulette, and it is the feeling that even astronauts would balk at
exposing themselves .voluntarily to risks of this magnitude.

These probabilities are based on the supposition that the events
are randomly distributed in time. A very superficial exemination of
the data serves to convince us this is not the case. For one thing, the
events exhibit a tendency to bunch together for which due allowance
should be made.

Within the past few months at LRC an attempt has been made to
determine the statistical characteristics of proton events with a view
to obtaining more realistic estimates of the probabilities involved.
Before describing the details of the analysis, a little general back-
ground should be provided. The sun is known to have & dipole magnetic
field (fig. 5). Moreover, since the sun is a hot plasma, the lines of”
force are firmly anchored to the surface (slippage is forbidden). The
dipole field must participate in the sun's rotation. The situation is
further complicated by the fact that the sun is continuously emitting
plasma, as illustrated in figure 6. Consider the emission of a single
lump of plasma. Bear in mind that to all intents and purposes, relative
motion between plasma and magnetic lines 1s forbidden; hence, plasma
must be dragged around by the rotating dipole field and a centrifugal
force is operative on it. In addition, the plasma drags magnetic lines

e
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out of the sun itself. These lines behave like clastic strings and will
apply a small radially inward force. There is, thercfore, a resultant
force tending to draw the plasma into the sun's egquatorial plane, In
the light of these considerations, we deduce that the dipole field
becomes distorted as chown in figure 7.

From time-to-time, intense {lares appear on the sun's surface.
Their mechanism of origin is far from thoroughly understood. However,
it is known that they are accompanied by ejection of a proton stream
which reaches the earth's orbital radius in about half an hour, and
cmission of a plasma cloud which reaches the earth's orbital radius in
about 24 hours. Both the proton stream and plasma cloud will tend to
follow interplanetary magnetic lines. As a result, there is good
reason to believe that when one engulfs the earth, the chances are the
other will also. This is borne out by the data presented on figure 8.

The geomagnetic index is a measure of the disturbance of the earth's
magnetbic field which is known to result from the impingement of the
plasma cloud. The proton stream in principle distorts the geomagnetic
field also. However, by virtue of its even smaller flux, its contribu-
tion is entirely negligible. The riometer index on the other hand is
a measure of the disturbance in the ionospheric shells resulting from
the impingement of the proton stream.

Now, we come to the critical point in the entire analysis. It is
the proton stream which passes the radiation hazard and we are, there-
Tore, specifically interested in their statistical characteristics.
However, riometer data extends only over the past 5 years and does not
provide an adequate basis for statistical evaluation. The good
correlation existing between geomagnetic storms and proton streams, to
which allusion has already been made, encourages us in the belief that
the statistical characteristics of geomagnetic storms will resemble
closely those of proton streams. It is on this basis we proceed.

As shown in figure 9, the concentric rings are associated with the
different years of the preceding solar year (from 1943 to 1953). Around
the periphery are the different months of the year. The major
geomagnetic storms occurring in the preceding cycle are represented by
radial line segments. It is clear at a glance the geomagnetic storms
show a propensity to occur during the spring and autumn months (i.e.,
March, April; September, October). This seasonal variation has long
been recognized, however, by virtue of the correlation previously
established. It follows that proton streams are encountered in the
earth's proximity most frequently during these months. Such a seasonal
variation is to be expected in the light of the theoretical plcture we
have already drawn of the interplanetary magnetic field having a disk-
like structure. Thus, as the earth moves in an orbital plane which is
inclined to this disk, such a seasonal variation would follow.
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If our reasoning is valid, then by launching during favorable
months (midwinter or midsummer), the chances of our encountering a high-
flux event (assuming, as before, an average of 4 per year) during a
10-day mission are reduced from one in 10 to one in 20.

Reverting to flgure 9, in addition to noting a seasonal variation,
we note a tendency for the events to bunch together. This will tend to
widen the gap between successive sequences and will further lessen
chances of our encountering an event on a 10-day mission. We find, in
fact, when due statistical allowance is made for this, the chances of
our encountering a single event are further reduced to 1 in 24.

Though bunching of events reduces our chances of encountering a
single event, 1t increases the chances of our encountering two or more
events. Again, taking four events per year and a 10-day mission, the
probability of our encountering two or more events assumling a Gaussion
distribution is about 1 in 160. When a2llowance has been made for bunch-
ing, this probability becomes 1 in 80.

All of the probabilities quoted previously are based on the
occurrence of four events per year which appears to be representative
of the previous solar maximum. Solar activity is, however, subject to
both an ll-year periodicity and a longer periodicity (about 90 years).

Indeed, if we plot solar activity as a function of year, we obtain
the results shown in figure 10.

Drawing a line through successive sclar meximum, we obtain & saw-
toothed curve. The past solar maximum seems to be just at the top of
one of the sawteeth and the following meximum 1967 to 1970 may possibly
be substantially less. There are indications that the past cycle has
been particularly erratic which might well suggest an incipient
instability preceding a major change in solar activity level. It is
my own feeling that this should not be relied upon.

Dr. Foelsche of LRC is making computations of radiation dosages
as a function of shielding thickness (water) associated with some of
the more intense solar events., These computations are based on the
following three assumptions:

(1) That the solar flare event comprises only protons

(2) That the time variation of the energy spectrum is known

(3) That the production of secondaries within the material can
be dlsregarded

ot
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The validity of assumption (3) is presently being investigated at
IRC.

e. Office of Life Science Programs (OLSP).- Grants and contracts
applicable to Apollo are as follows:

OLSP has divided its efforts into three principal categories:
(1) TFlight medicine and biology

(2) Space medical and behavioral science

(3) Space biology

In the first category, the following contract efforts may produce
results applicable to the Apollo program:

(1) sStudy of KO, and NaO, - Mine Safety Appliances.

(2) Recovery of 0O, from CO_ - Isomet Corporation.

Pt
(3) Purification of H,0 from wastes - General Electric Co.

(4) Investigations of various trace contaminants given off by the
human body - Southwest Research Institute.

(5) Analysis of biodesign principles for application to instru-
ment design - Bell Aircraft Corp.

(6) Management contract for a research program leading to develop~
ment of an Integrated Life Support System - not yet contracted.

(7) Management contract for a research program entitled "An
Integrated Performance Study," to include display, control, sensing
and computation requirements to integrate man and machine for both
manned and remotely controlled space flight - not yet contracted.

Although the last two studies are not specifically mission-oriented,
they may possibly produce some results applicable to the Apollo system.

A1l of the work in Space Medicel and Behavioral Sciences is believed
applicable in some degree to the Apcllo progream. Contracts most dir-
ectly applicable are:

(1) NASA participation in Bio-sciences Information exchange. Con-
tracted to Bio-sciences Information exchange.
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(2) Effects of angular velocity, angular acceleration, coriolis
acceleration and tumblings - U.S. Navy (Pensacola, Fla.).
(3) Bibliography of Life Sciences for Bpace - Library of Congress.

(4) Biological experiments on the effects of radiation in the
upper atmosphere using high-altitude balloons -~ U.S. Air Force.

(5) Feedback information criteria for functional extension of
human hands - Massachusetts Institute of Technology (MIT).

The contracts in the field of Space Biology most applicable to
Apollo are:

(1) Biological systems in space - University of California

(2) Sterilization of vehicles - U.S. Army

In addition to the grants and contracts, OLSP 1s planning a number
of in-flight experiments, using experimental animals ranging from uni-
cellular to primate. There will also be subcellular experiments. Many

of these experiments should provide information valuable for Apollo.

f. Space Task Group (STG).-~ STG work in Human Factors for Apollo
is as follows:

(1) Consideration of Project Mercury medical support experience
which may be applicable to Project Apollo.

(2) "Project Apollo Life Support Programs" is a series of suggested
research proposals applicable to Apollo.

The Project Mercury crew support experience has provided bioscience
data applicable to Apollo in several areas. Mercury crew selection and
training procedures have evolved certain selection guidelines and
developed simulation concepts which may have advanced-vehicle applicatiorn.
Physical fitness, a record of proven performance under stress, intelli-
gence, and adaptability are obviously desirable crew characteristics
found in Mercury Astronauts. An attempt is being made in Mercury to
guantitate crew stress by hormone and psychological measurements., Such
data may have value in crew selection techniques. Physiological measure-
ments, assessing cardiopulmonary functions during astronaut centrifuge
runs, point up the need for much additional data to safely support the
relatively long duration, moderate magnitude g forces expected in
Apollo.
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Detailed physiological control data acquisition and meticulous pre-
flight and postflight astronaut examination will provide information on
the effects of combined flight stresses seen in the ballistic and orbital
flights. Evaluation of the physiological-psychological effects of weight-
lessness should be particularly interesting.

Bioinstrumentation considerations in Mercury provide research and
development directlon toward advanced bilosensors and environmental moni-
toring devices. Resplration sensors with volume and flow capability,
noninterference blood pressure sensors, blood gas monitors and flight
electroencephalography appears desirable and feasible.

Medical monitor planning consideratlons have indicated the need for
additional reliable real-time man-monitoring equipment.

(1) It was noted that the use of experimental test pilots in
the conduct of Apollo studies should be strongly considered.

(2) It was noted that Batelle Institute is gathering informa-
tion on radiation data under & U.S. Air Force contract and that
the quarterly reports contain useful information.
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Figure 7.

Section VIIl, Figure 5, 6, and 7.~ Discussion presented at
Apollo Human Factprs Technical Liaison Group Meeting No.
1 -1/11/61,
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Section VI1, Figure 9.- LRC discussion presented at Apollo Human
Factors Technical Liaison Group. Meeting No. 1 - 1/11/61,
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SECTION VIII

EXCERPTS FROM
PROJECT APOLLO MINUTES OF MEETING
OF

TECHNICAL LIAISON GROUP - ONBOARD PROPULSION

January 6, 1961

Space Task Group

Langley Field, Virginia
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a. Space Task Group (STG) .- The STG has recently completed a study
entitled TPreliminary ourvey of Retrograde Velocities Required for
Insertion into Low Lunar Altitude Orbits." (NASA Project Apollo Working
Paper No. 1005). A proposed working paper entitled "Preliminary Analysis
of the Propulsion Requirements for Mission Abort at Barth Escape
Velocity" is near completion. This analysis covered thrust to weight
ratio (TA) from 2 to 4.5. Mr. Hammack stated that similar studies at
Marshall Space Flight Center (MSFC) showed the optimum T/ was between
2.5 and 4.5 for mission abort at cscape velocities.

b. lLanglecy Rescarch Center (LRC) .- IRC activities on propulsion
systems applicable to the Apollo program are confined to analytical and
experimental studies leading to very high mass fraction solid-propellant
rocket motors, and to advanced design and fabrication concepls which
make it possible to produce these rockets with a minimum effort. Objec-
tives of these studies are minimizing casc, insulation and nozzle weight,
minimizing sliver, and maximizing loading density, while still retaining
excellent internal ballistic characteristics. When homogeneous, iso-
tropic case construction materials are used, minimum case weight for a
given operating pressure and case volume is achieved by using a spheri-
~al shell. For a number of years, IRC has been designing, producing,
and using spherical solid propellant rorkets in its own flight programs.
While a majority of this work has been in-house, some work has been
carried out on conbract. Spherical rockets have been successfully fired
having the following characteristics;:

Diameter 5 to 4O inches
Weight 4 to 2,100 pounds
Specific impluse 200 to 270 seconds
Propellant weight faction 0.89 to 0.94
Operating pressure 600 psi

A1l of theue rockets utilized metal cases which were constructed
of commonplace metals (4130 steel and 2024 T6 aluminum) which had very
modest yield strengths (150,000 to 180,000 psi for the steel). At
present, work is underway for development of a 15-inch diameter spheri-
cal rocket which would have a titanium case and which would result in
a rocket having a propellant weight fraction creater than 0.95.

Studies have been made on filament-wound lber-glass cases which
would use the same charge design philosophy used in the spherical rocket.
These studies show that the minimum weight pressure vessel counstructed
of this material will be a shape which approximates an oblate spheroid.

» -
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Suitable charge designs have been made and have been successiully fired
in heavy weipght s1il) cases. Design and performance parameters of these
charges were as good or better than those obtained with the spherical
charges. Conbracts are being lel tor the development and production of
filament-wound fiher-glass shells, which will allow the development of
solid propellant rockets which have a propellant weight fraction in
excess of 0.96 in relabively small sizes.

Other research is aimed at improving methods of fabricstion of the
intricate charges needed for spherical and spherical rockets, and which
are applicable to all solid-propellant rocket designs. One approsch is
the use of an extremely lightweight foamed plastic (? 1b per cu ft) for
construction of the mandrel. The lgniter is designed as an integral
part of this mandrel. Propellant is cast between the mandrel and the
motor case, gecured in place, and the motor is fired without removal
of the mandrel. This allows the use of charge and case designs not
possible before as the mandrel does not have to ve wilhdrawn through
a finite-sined opening, and does not have to have s constant or uni-
formly varying cross-sectiion with respect to the rockets' longitudinal
axis. Numerous M-58 rockets have been successfully conrbructed and
fired using this technique. Work is currently underway Lo adopt this
manufacturing process t.- epherical motor designs. TRC is planning to
install a pressure-fed .:ystem for handling storable propellants. This
system will be available for evaluation work but is not intended for
development work.

¢. Marshall Space Flight Center (MSFC).- MSFC activity directly
related to the Apollo propulsion system has been concentrated in
determining the midcourse and abort propulsion system requirements
based on the Saturn trajectorien:

Studies are still in progress; however, the results obtained to
date show the trends to be expected.

Figure 1 shows a typical example of how the thrust-to-weight rabio
inflluences the amount of total spacecraft woight which must be previded
as propulcion sysbem For abort just prior to injection on the lvnar
mission. ‘These curven are for a specific injeclion altibude.

Figure 2 shows the influence of injection altitude and injeetion
angle on the velociby regquirements for abort at injection ve Lority.

Studing sye also in progress on the abort requirvements earlier in
the Lrajeclory. The eritiecal requirement occurs early in bhirvd-slage
burning and o dus bo the roelabively steep ascent angle of the Gynjec
aboGhic point which resulbs in o sheep uncorreebed abort reentry sngle

vhich wonld vecnlt in decolorabions up bo PO Lo Doyr. Flattening the
1 £ A

Svisipeels

[N SRRt
.



| B

-

Eragiectory s bowering Phe ingecbion odbitnde Lopd Lo decrense Lhis
pedquiremenl.

Tndication of Lhe proesenh obndies ey

()) Payltosd inerenmen oo Phe inge cbion nlbibude i lowered
Lo Vimibe impeood by heating ot Lhe poylond o velife]e structure.
Thete do not appene serions ol t0km and above but n Tower 1imit
hac not, been inveshipnlod,

() Paylond aecrenses oo injection anpgle is Torced downward
£ rem ?‘U above Lhe horizonbal: however, Ghe decrease is not serious
for small apgles (up Lo 2 e low Lhe horizontal) and the abort
Lhrust-to-weigh! ratio and requirved propellants decrease rapidly.

(3) Critical abort conditiow: prior Lo injection occur
early in third-stage bwming bul are nearly as severe over a range
of burning time from late cocond-chope burning through about the

1 . . . - . .
first 3 of third-ctage burning. Joweringg the injection altitude

and flattening Lhe trajeclLory redueec thic requirement for abort
propulsion.

(4) Presently it appears that T/M ratlios in the neighbor-
hood of 2 to 3 and velocity increments of about 800 meters per
second will be adequate for the abort propulsion, sand injertion
conditions near horizontal at 90km will provide the most desirable
conditions. It should be noted that these studies are still in
progress and the above conclusions are tentative.

A brief summary of M3FC capacity and facilities for development
and testing of propulsion systems was given. Thece farilities are
excellent for development of propulsion cystems bub were not designed
for laboratory-type basie research in propulsion.  The facilities
consist of:

(L) Statie test tower Rast side 2,000,000-1b capacity.

(?) Shtatic test tower West side 500,000-1b capnbility with .
modification could handle 800k ror S-IT teots.

(3) Component test arven, vaowun box for genr test, and
back-to-hack genr tester for Lurbopump:s.

(W) Powerplant cingle ctand 250K
(") Powerplant cihand 10Ok

(()) Teot, el O for (‘)H/H,,,‘ cngrines np Lo Sk

S
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(7) Component, test cells, hobt and cold euviromment. Six
smaller cells ftor orifice calibrations of gas generators.

(8) Cold calibration test stand, 2 test sides. Four more
compouent test cells for turbopump or model-size rocket test such
as Saturn detector and tail heating test at 4L 000 lbs.

There are about 400 engineers at MSFC involved in the design, test,
and development of propulsion systems in addition to those involved in
thHe fabrication and inspection of systems .

Vacuum start facilities for 1iquid and solid rocket altitude start
tests. Two facilities, one of 2L, 000 cubic feet, and one of 15,000
cubic feet. Vacuums to 1.5mm of mercury .

Dynamic test facility for full-scale Saburn C-2 to be ready by
1963. The stand can test dynamics of the vehicle launcher combination
with full simulated loading; can suspend the Saturn fully loaded to
determine overall dynamic response and vibration modes; can be used
for propellant loading tests and to train launch crews. Facility is
designed for a 3,000,000-pound-thrust vehicle.

It was noted that MSFC designs, develops, and fabricates systems and
equipment. Statlc test facilities available are: (1) 4Ok and 50k
blast facilities, and (2) hazard test facilities, (3) vacuum facilities,
(%) 300,000-pound vertical test facility, (5) dynamic shake facilities,
(6) a 2,000,000-pound test stand is being fabricated, and many others.

d. Lewis Research Center (LeRC),-

Evaluation of Pulse-Type Attitude Control Motor for Apollo.- Tests
of l-pound and 25-pound Marquardt pulse-type, bipropellant rockets will
be conducted at LeRC. It has been determined that a small vacuum tank
already available at LeRC will be satisfactory for total motor operating
time up to 20 to 30 milliseconds. Engine transients and specific
impulse performance will be investigated.

Research Applicable to Apollo Propulsion Systems.» The following
research projects are in progress at LeRC.

(1) Pressurization Gas Requirements for Liquid Hydrogen
Propellant Tank.

(2) Pressurization Systems for Hydrogen-Fluorine.

(3) Experimental Study of Propellant Pressurization and
Expulsion Systems.

(h) Experimental Evaluation At Zero Gravity of Expulsion

oyl
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Uy MaperTmenne b Shidy off Lhe I roet b freape b bonb SlosTiing
Coy A bade Sthabi it don Dyehom Begquipeementoe

(('}) Tnveshieaiion of Lhe Bifoech of RBndial ion on Roeke b
e Pl

(7)  Apadycic o Phermod Probection of Propellants for Gpoco
Applicalion.

(43)
9Y  fhreust Chombors - 10 -H,

Ll
‘.

Eadianiorn Honbh Pndacce Por Upeaoiod Moz lon .

——

(10) Gmall Storable Liguid Propellant Rocket Motors .

(11) Fxperimentail Rvidualion off Bipropell ant Abtitude Stabili-

sation System Cor Sinmlabed Lunnr-Landing System.

(1) Chemical Ignition and Conbrollsd Shop and Restart ol
Colid Propellant Motor:
Generalized Zoro Grovibty Program.
Yoyro Groavity Hoat Pronefer Dxperiment.
Cemplebe Systeme Integration - H-F

2o
Modutaling Thyuci. for Retro Propulsion - HP-F

g b 2'
17) Bxporimentil Study of Thruso-Veotor Location and Drift
abed withi Rebro Propulaion,

Rockel propellant:s Lhat have potentisl use as propellants in space
will be expocced Lo padiabicn and the chemieal and physical effects will
be observed, mmong which will be possible phyeisnl decomposition and
excthermico docomposition.

The "eisbt ball” projest nob listed is an experimental study of
Lhe of Peat, of propeliant, closhing on attitnde shabilizabion system
requirement.:,

TeRC hac a sca-level facility Tor hydrogen tluorinc experiments.
An altitude tacility ic under —construction and is scheduled to be
complete fn Iabe 1961, which will handle a vehicle approximately
2 feel in lencolh and L4 feet in dismeter.

Most of TR0 new larpe propulsion facilities are be ing installed
Al Pham Beoak, ond opomp facilibion, in addition to nelear acilities,
e Joensed Lhero

I e an of Choaorine doeoelopment chabus, ihowas Pelb that
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Fluorine syubows had not, been deve Foped eonomyth Boo pub in s manned
aystem ab this Lime. Flouorvioe, 10 soated etemn, onn be slhored,
Fluorine builde up heat it deconbaaninatod and will burn through metal.s,
LeRC has had problems witbh burn-through o vajver . Bell Aireraft Corp.
has been able to pump Clucrine.

€. Jet Propulsion Taboratory (JPL) .-

Current interests of JPI, in propulsion are centered arocund the
development, of units for use in unmanned spacecralt. Neveftheless,
since most of the propulsion problems such as reliability, space
storage, zero g starting in the space environment, ete., are common
to both manned and unmanncd systems, some of JP's activities in this
area may be of interest in the Apollo program.

The three projects of current interant involving the use of
propulsion are Ranger, Mariner, and Surveyor. The Ranger spacecrat't
is to be injected from a parking orbit into lunar range trajectories
by the Atlas-Agena System. The first two units are not intended to
actually encounter the moon and hence contain no propulsion. Rangers
3, 4, ana 5, which are scheduled for launch in 1962, are designed for
a semisoft landing of an instrumented package on the moon. Ford-Aero-
nutronics will provide the solid retropropulsion unit used to abstract
most of the moon-relative energy from the package. JPL will develop
and supply the 50-pound-thrust monopropellant hydrazine midcourse
correction propulsion unit. The propulsion system is designed to
deliver a specific impulse of 230-pound second/pound at 190 psi chamber
pressure and 44 to one expansion ratio. Tt weighs on the order of
30 pounds loaded, contains 15.7 pounds of propellant and will deliver
a maximum velocity increment of approximately 120 feet per second to
the nominally 800-pound Ranger spacecraft. Some of the design features
are displayed in photographs of a full-scale mock-up and in the system
schematic. Regulated helium is used to pump anhydrous hydrazine from
a. butyl rubber bladder into the decomposition chamber. A bipropellant
start is attained by injecting a small slug of nitrogen tetroxide into
the chamber simultaneously with the opening of the main propellant
valve. The chamber nozzle is radiatively-cooled Haynes Alloy No. 25.
Single-actuation explosive valves are used throughout. Attitude control
is provided by four jet vanes. The onboard accelerometer supplies the
shutofl signal which simultaneously closes the main propellant valve
and locks off the helium supply tank. The development of the Ranger
unit is nearing completion with the first simulated space environment
static firing of a flight unit scheduled for next month.

The Mariner A is a Venus fly-by experiment to be rired from o

parking orbit by the Atlas-Centaur system.  The spacecraft mideource
correction unit, which is also to be designed and doveloped by JPT., will

ARSI
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wse Lhe same basic rocket motor and propellant pumping system as the
Ranger. The Mariner A propulsion unit, in sddition to providing for

the midcourse correclion maneuver approximabely 16 hours out Trom

earth, is designed Lo allow for a long-torm storage aud restart experi-
ment which is to take place U days afier the Venus encounter, i.e.,
approximately I menths after the tirst firing. Difference from bhe
Ranger midcourse propulsion sysbem includes provisionas for a larger
propellant mass (32 pounds) to supply a tobal velocity increment of
approximately 180 fect per second Lo the proposed 1,100-pound space-
craft; a change to nilrogen as the pressurizing gas; a rechargeable
nitrogen tetroxide starting cartridge; and a change Lo a solenoid valve
to provide for repeated operation, with multiple explosive valves being
retained to lock off the nitrogen supply. The first firing of Mariner A
is scheduled for 1962. Several firiags of a heavy-weight version of

the Mariner A motor and start system have been completed. A test of a
flight unit will be conducted the latter part of this year in which the
system will be fired in a vacuum chamber, shut off, stored in the desert
for 4 months, returned to the vacuum chamber and restarted.

The Mariner B program for a Mars experiment which is now in study
phase will most likely employ another restartable monopropellant
propulsion unit of somewvhat larger thrust, approximately 200 pounds.

The Surveyor project is directed toward soft landing a 200-pound
scientific instrumented package on the moon using a 2,500-pound
spacecraft launched by the Atlas-Centaur. Six-month studies of the
complete spacecraft including provisions for midcourse-correction
propulsicn and for the retropropulsion have recently been completed by
each of four outside contractors.

The current Advanced Development program efforts in solid propul-
sion are directed btoward investigation of secondary injection of gases
into the nozzle in order to achieve thrust vector countrol. A new six-
component thrust stand and vacuum diffuser will be used to facilitate
the experimenial work. This follows an experimental flight program
in which thrust reduction and thrust termination were successfully
demonstrated by separation of the nozzle expansion cone and the head
end of a solid propellant chamber, respectively.

In liquid propulsion, an Advanced Development program is underway
wherein jt is intended Lo ultimately provide a demonstration of o highly
reliable and versatile bipropellant spacecraft propulsion system based
on the use of nitrogen tetroxide and hydrazine or hydrazine deriv-
atives. The present concepts of such a device ave illustrated in a
schematic of the proposced system. Both propellants are Lo be pumped
from separate bladders located in a common tank and pumped by means of
A single monopropellant gas generator. The hydrasine generant is

-~
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pumped from a prepressurized, bladdercd tank. The use of a radiatively

cooled chamber, poscibly ot pyrographitc material, is to be investigated

along with an injector design permilbting simple on-off operation and
throttleability. The test phases of the program are in the rudimentary
stages ab present. Water-pumping tests with o thin Teflon bladder have
demonstrated the feasibility of using this material which is compatible
with nitrogen tetruoxide. Other materials will slso be investigated for
use as bladders. Small-scnle pyrographite chambers have been procured
but as yet are untested.

A comparative study on the use of various propellant combinalions
for the retropropuleion in a Mars-orbiter spacerraflt launched by a
Saturn booster (approximately 2,000-pound-spacecratt, mass) is now
nearing completion and may be of interest here. The systems compared
are oxygen-hydrogen, flucrine-hydrazine or derivative, nitrogen
tetroxide-hydrazine and an advanced solid propellant. In conjunction
with this study, several papers on the space storage and venting of
liquid propellants have been generated which may be of value to the
problems at hand.

. NASA Headquarters.- The following industrial montracts were
let by NASA Headquarters:

(l) A study for hardware requirements for space missions
and lunar landings. The study covers such aspects as requirements
for throttleability, thrust to weight, ratios; where do you sit on
the moon, hot or cold side, and the offects of this on propellants.

(2) Two contracts will be let, for experimental studies of
variable thrust engines.

(3) A hardware conbract on pressurization nystems.
by A study contrart has been let to A. D. Little Company
on the storing of propellants in space. This will eonsist of a
Literature search on radiation and micrometbeorite effechs.  LeRQ
is monitoring this conbract.
It was stated that NASA ileadquarters had compiicd a document of
the work being done at all of the laboratories and had disbtributed this

to each of the Centers.

It was otated that the ¥-1 boosbor was progressing as well as
could be expected without any cpecific requirement. for the booster.

The following NASA Headquarters work ic being done in solids:

S
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(1) A shody i being mode Lo cheek Lhe modulations in solid
propellanta by the nse of oo whintio Lechnique,

() Grand Central Roeckeb Coo har o conbraet Lo develop a
roverse Ulow Uiber-ginas rorked wobor called Mwolt” (or tlow
spelled backwards ).

(3) Jarpe solid propellant booster studies are being made.
One sbudy consista of o modular conshrnetion with a taper. The
group Telt that a taper shonld be disconraged from the standpoint
of complications involved in clustering tapered units.

() Velocity control and vectoring systems will be applied
Lo the Scout vehicle. These will ineclude gas generators and
auxiliary solids.
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SECTION IX

EXCERPTS FROM
PROJECT APOLLC MINUTES OF MEETTING
oF

TECHNICAL LIATSON GROUP MEETING NC. 1, STRUCTURES AND MATERTALS

January 12, 1961

Ames Resesrch Center

Moffett Fieid, California
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Reports from group members on Apollo-related actlivities at the
various centers are as follows:

a. MAmes Research Ceuter (ARC).-

(1) nRadiative propertics ol malerinls suitable for temperature
contbrol of vehicle -

(a) "The effect of sputtering on the radiative character-
istics of metal surfaces is being studied. In these studies,
bombardment with hydrogen ions is used for sputtering copper,
alumimm, and nickel targets. Both reflectance and emittance
of the sputtered specimens are being measured,

(b) A flight experiment on evaluation in space of the
time-dependent and environment-dependent changes in radiative
properties of typical surface coatings is also underway. The
flight package has been assembled and sent to Ball Brothers
Research Laboratory for final checkout. The package is sched-
uled Tor flight on the 5-16G solar spectroscopy satellite which
is to be launched in the second quarter of 1961.

(¢) In near-moon orbits, the vehicle will be influenced
by the surface temperature of the moon. The vehicle temperature-
control system must be adaptive to lunar surface temperatures
from about -250° ¥ to +220° F.

(2) Particle bombardment of vehicle surfaces =~

(2) Ion bombardment - In this program, various metals
are being bombarded with the various ionized gases to determine
sputtering yields. The metals are Al W, Mo Fe, Ni, and Cu.
+ o . + ;
The pases are N, N, i, sz, and AT. The sputtering yield
is defined as the ratic of atoms of metal sputlered per

.

impining ion.

(b) Meteoroid impact - One study is on the pasic physics
of hypervelocity impact in semi-infinite targets.

(c) One study is on the impact of particles into stony
moterials. In this program, attempts arc being made to
cxplain the meteoric craters on enrth and on the moon.

(d) Micrometeoroid impact on multiwall shells has als
beon sludicd,  Tn these studies, targets werc impacted with
rlass balls to simulate stony meteoroids. ‘The targets were
single woll, dovble wall, and double wall filled with
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fiber ¢lasa, T wne noted that the dovble woll with Tiber gleas
was almoct five timen oo o Mficient ng the ningle wall of some
total metal thicknecs,  or thic ecnne, the woelpht penalty doe o
the Tiber placss wan abhont A0 poveent,

(3) Ablation cooling -

>~

p:

(a) Mhis is 2 acw progrom that uitilines the combination of
an arc-jel wind tinmnel and an arve-imoage furnace Tor testing.
With this equipment, stndiec will be made of the effects of com-
bined radiative and convective heat fluxes on the ablative
properties of plastics.

(b) In thic program, tests were made to debtermine the
effective heat of -ablation of plastics at heating rates from
30 to 80 Btu/ftd—seoond. The test specimens were made of two
materials: Teflon and high-dcensity polyethylene., Tt was found
that for Teflon (a subliming moterial) the effective heat of
ablation was about the some as that previcusly determined by
others at much higher heating rates. For polyethylene (a
meliing and vaporizing ablutor), the effective heat of ablati
was only about G0 percent of that at higher heat rates. It is
felt that this reduction is due to the melting (with consequent
runoff of the liquid) of polyethylene.

(c) This program has no results al present. The tests
include subjecting specimens to bolh high vacuum pressures
and solar radiation.

(M) New equipment for ablation studies - The parabolic entry
simulator, presently nearing completion, is designed to extend thc
studies on ablation cooling previcusly made in the atmosphere entry

similator to velocities approaching escape speed.
(5) Film cooling -

(a) An analysis of the effectivencss of helium Tilum coni-
ing in protecting a surface from convective heating has beon
made and a report on the results is almost completed.

(b) An cxperimental. study of helium film cooling has jus?
been completed. Thesce tests were run in the l-foot hypervelos ity
shock tunnel at a Mach muber of 10, an enthalpy of h,000 Bl
and at a stegnation pressurc of 1,000 psi. The vesnlbs of the oo
tests are presently ' ing evalunted.

A
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b. Jet Propulsion Laboratory (JPL).- JPL is doing no work which is
directly related to Apollo. They are interested in flange design for
high-vacuum seals and lubrication problems for low-temperature work.
They are also conducting studies on a Mars-probe vehicle, visualizing a
close approach in the early missions tollowed by a soft landing (50 Tps
landing velocity).

c. Langley Research Center (IR¢).~ LRC efforts fall into three
broad areas. These are Thermal Protection Systems, Reentry Flight Tests,
and Structural Dynamics.

.

(l) Thermal protection systems -

(a) Analysis of system efficiency - An analytical program
has been underway to define the thermal efficiency of protection
systems which can perform satisfactorily in the Apollo reentry
enviromment. This work has shown that lightest weight is
achieved by shielding systems which radiate a major fraction of
the heat load at the shield surface and which incorporate an
efficient mechanism for dissipating the fraction that is con-
ducted into the interior. The mechanisms being studied are an
endothermic phase change or decomposition which occurs at a low
temperature in the shield interior and a water-boiling system
at the shield back surface.

The analysis has permitted estimation of protection system
weights for the range of heating conditions likely to be
encountered in Apollo reentry trajectories. For typical
vehicles, the indicated weight averages 4 to 5 pounds per
square foot of vehicle surface area.

A machine computation routine for detailed analysis of
ablation mechanism in deep-charring plastic ablators is being
checked against available experimental data from hot gas jet
tests. This work should permit an accurate prediction of the
behavior of the charring ablators under long-time heating
inputs.

(b) Ablation tests - An experimental program in air-heated
airstream facilities has been underway to evaluate the relative
performance of candidate heat-shield materials. Shield materials

of equal weight (3 1b/ft2) are exposed to the same cold wall

heating rate (100 Btu/ft2-second) and stream conditions

(T5 = 9,500° R). The specimens are evaluated on the basis of
the rate of temperature rise of a sensor mounted on the back

face of the specimen.
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In these tests, the decp-charving pi ablation
materinles werc moarkedly betber Chan Lie noncharring plastic
ablators. The Jength ol timc bolore (he baek surlface reasched
2009 F for a deep-chavring: ablator ({ example, phenolic~
nylon) was 275 :
for noncharving lators, Teflon and nylon reopoctively, and
80 seconds for tlasg-reinlorred charring sblators.  "he radintion
by the high-temperature char in conjunction with the low tnmpﬂr»
ature of the ablaling surfsce at thoe base of the char are
responsible Tor this favorable behavior. Taermal ef11019nL Pes
(total heat load divided by original shield weight) greater than
8,000 Btu/1b have been obtained with such materials at o stream
enthalpy of 5, OOO 9bh/lb) whereas Tellon and nylon dissipate
only about 3,00 Buu/lb at tinls entholpy level., This program
also includes tests ol porous ceramics filled with various resins
for comparison with the deep-charring materisls,

‘

ondg an compared Lo 3 acconds and 80 seeconde

'J

(c) frosion shields - Af'e1b“d4c of the Apollo recnfaw
module may make use of nonablsting B
outer layer of thisz structure is krnown as on erosjon shleld and
serves uo confine ar irnculation layer.

Tests have bcen underwsy on saveral desicnn of refractory
metal erosion shields. Theve tests have shown that rather
simple shield designs can bo attached to the primary structure
in a monner that permitc thermal expanaisn whille avolding aero-

elastic difficultles. Dependine upon fhe contonrg of Lhe
structure to be protected, the welrsht of ¢l shields in molyh-
denum alloy should renge Trom O.9 or 1.0 pounds per saquare oot

Oxidation tesus on fabricuied shicelds indicate that heating:
rates up to 50 Btu/i sCmsecond can be tolernled Tor time periods

in excess of the regulrements of the A cocntry time.  Tosts
nre being conducted in arc-hoabled alvnd tor comparison with

tests in a furnace cnviromment aond oiso Lw orovide & hasis or

comparison with future Tiight ons
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Mecnanical and theomal ronerty bes
ceramic materialo wre aloo vnderwoy 10 o
in an erosion shieid applicabion.

poon seyveral porous

Actermine thels ability

(d) Low-level cooling oyosteoms - Maintenanc
interior wall temperature { < 1909 1) 1s desirab
reentry module. Voricun Torms of w vber—-cooling
grated with load-carrying stmicbare are belng tes

&
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thermal performance as woll an for effc
rity. Tests have Leor completoed on Bell Atreralt
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tubed shecl pancis. A comblned circulobion-wlcek system of
NASA design Lz under current investigation. 'The latter system
is designed for a heat load up to 5 Btn/ft“-sccond with local-
ized rates up to 20 Btu/ftg—second. Such rates arc the highest
onticipated heat leaks through external heat shields.

A supporting investigation is the calculation and measure-
ment ol heat-transfer properties of multiwall structures such
as honeycomb and corrugated core sandwiches. A thermal conduc-
tion apparatus that can handle panels up to 2 Teet square 1s
near completion. This apparatus can supply heat flux rates up
to about 20 Btu/fte-second in combination with pressure alti-
tudes up to 180,000 feet.

(2) Reentry flight tests -

(a) Advanced materials and structural payloads - Materials
payloads are under design for reentry tests at 30,000 fps. These
payloads are scheduled for launch by Scout boosters starting in
September 1961. A heating time of approximately 2 minutes is to
be achieved on a shallow ballistic entry with data recovery by
delayed-type playback prior to impact. The test area of the
reentry shape is a blunt face approximately 11 inches in diam=-
eter. Data to be obtained are thermocouple readings throughout
the cross~section of a charring ablator. A determination of
char integrity is the primary goal.

In order to achieve longer test times in f1light, an
engineering study is being made of a lifting reentry body of a
shape and size compatible with the Scout booster. The present
configuration is a 5° half-angle-cone cylinder about 10 feet
long which achieves a heating time greater than 15 minutes from
a release at 200,000 feet at 20,000 fps. This body is intended
to be recoverable and is designed to exercise thermal protection
systems in the Apollo flight corridor for realistic time periode.
The structure incorporates a low-level cooling system and can
accommodate either plastic ablation shields or metallic erosion
shields.

(b) Heat transfer - Two heat-transfer payloads similar in
body shape to the materials payloads are being designed for
tests at 30,000 fps. One payload is to measure total heat tranc-
fer to a blunt face, whereas the other is to measure the
radiative component. Particular interest enters on measurcments
made in the nonequilibrium flow region. The data from both of
these payloads ic to be obtained by delayed tape playback atter
emcrgence Trom the transmission blackout region.
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Preliminary thinking is also going on concerning tests at
35 to H0,000 fps utilizing Minuteman boosters as well as avail-
able Jupiters. A small study contract has been let to the
Chrysler Corporation to determine flight-test conditions obtain-
able with Jupiter. ‘

(3) Structural dynamics -

(a) Booster structure - A l—scale dynamic replica of the
Saturn SA-1l vehicle is under congtruction. The replica duplicates
all important joints and fittings. The tanks will be capable of
holding liquids, including liquid nitrogen in the lox tanks in
order to reproduce temperature effects.

This model is to be used for vibration and stiffness studies
of the Saturn booster inasmuch as confidence in analytical cal-
culations for this complicated structure are in doubt. It is
expected that stiffness and vibration testing will begin in
mid-1961. Experience is currently being obtained in stiffness
and vibration testing of clustered tank configurations using a
model which is approximately a l--scale saturn.

9

(b) Panel Flutter - Accumulation of test data for estab-
lishment of flutter boundaries for various types of external
skin panels is continuing. Recent work is directed at the effect
of aerodynamic heating on flutter and the influence of pressure
differential across the panel.

Some of the configurations tested are representative of
erosion shield designs. Current blans are for tests of panels
with curvature and which incorporate various degrees of flexi-
bility in mounting to the base structure. A limited number of
tests have shown that panel curvature is very helpful in pre-
venting flutter.

(c) Particle impact -~ Data has been accumulated on pene-~
tration characteristics at speeds up to 16,000 fps. This work,.
as well as tests of the effectiveness of meteoroid bumpers,
has been prepared for publication. Current tests in the gun
facilities are being carried out at speeds of 26,000 to 27,000 1ps
using particles fired from opposing guns. A second light-gas gun
is under construction to increase test speeds to 30,000 fps.

The 8-55 micrometeorite satellite prototype has passed all

developmental and envirornmental testing. The flight payload is
being assembled for a planned launch in May 1.961.

TR e
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Calculations indicate that all of the dilferent detectors should
have been activated during the design orbit lifetime of 1 year.

A flight-test proposal, awaiting NASA Headquarters approval,
is the launch of a paraglider with u 400-square-foot exposed
area to obtain direct measurements on the fregquency of input of
small meteoroids and the resulting penetration depths. A probe
shot of T-minute auration in space is planned, and calculations
indicate the occurrence of 3,000 to 4,000 measurable impacts.
It is planned that the infiated glider will return to earth and
be air snatched prior to impact. Examination of the glider
should reveal information on the mechanism of cratering at high
velocities and may lead to recovery of meteoroid material for
laboratory analysis.

(d) Landing impact - Dynamic model tests have been carried
out with several of the proposed reentry module shapes. The
problem of dissipating horizontal velocity has been studied in
particular. Whereas rocking motions occur during sliding impacts
on earth surfaces, violent skips are encountered during water
landings with shapes such as the lenticular. It would appear
that letdowns with devices such as a paraglider will be restricted
to landings on fairly well prepared surfaces. Test programs of
large-scale paraglider systems are in the planning stage and may
involve airdrops at Edwards Air Force Base,

Work continues on vertical impact attenuation devices such
as collapsible structure, air bags, and rocket systems. The
interaction of rocket systems with assumed conditions on the
lunar surface are being studied in model tests.

d. Lewis Research Center (LeRC).- LeRC efforts fall into six broad
areas. These are Meteoroid Damage Studies, Catastrophic Failure From High
Speed Impact, Landing Impact Attenuation Analyses, Fracture Mechanics
Studies, Superalloys Research, and Refractory Materials Research.

(1) Meteoroid damage studies - LeRC will have a metecroid pene-
tration experiment on the S-55 Scout satellite. IRC and MSFC will
also have experiments on this same satellite. The LeRC experiment
will measure penetrations that occur on 0.00%-inch and 0.006-inch
thick stainless-steel sheet with a total exposed area of a little
less than 4 square feet. Penetration is recorded by breaking the
continuity of gold-foil gages attached to the rear face of the
stainless-steel sheets. There are a total of 6C sensors on the
experiment.

A comprehensive study has been made at LeRC to catalog and



L . 17

PPNl - - .-

Interpret information that is presently available on meteoroids
and damage that can be expected on space vehicles for near-earth
missions. Based on this information, studies are being made to
determine the type of experiments that should follow the 8-5%
satellite to obtain the most reliable information within the limi-
tations imposed on satellite experiments.

(2) Catastrophic failure from high-speed impact - For some
space vehicle structures, the danger from meteoroid impact may be
far greater than that due to penetration of the structure. For
materials that are already under a relatively high stress state,
the impact of a meteoroid can initiate a complete structursl
failure that is in some ways related to the brittle fracture of
bressure vessels. It is conceivable that this type of failure
can be initiated without complete penetration of the structural
element. The major concern on this type of failure is for pressure
vessels such as the crew compartment, propellant tanks, or any
portion of a pressure-stabilized structure.

As an extension of the fracture mechanics studies at LeRC in
which failures of materials are studied under static load, a pre-
liminary study has been started to obtaln a better understanding
of the failure mechanism resulting from high-speed impact on
materials already under a static-stress condition. Preliminary
studies have shown that catastrophic failure can occur even for
materials normally considered guite tough. An understanding of
the mechanisms affecting failure is being sought.

(3) Landing impact attenuation analyses - An analytical
procedure was developed in Technical Report R-75 for studying
the deceleration characteristics of landings on gas-filled bags.
It was shown that for normal parachute descents, the deceleration
and onset rates at earth impact are acceptable for well-supported
humans. Additional analyses are being made to compare the effec-~
tiveness of this type of deceleration device with retrorockets and
various shock absorption devices.

(4)  Fracture mechanics studies - Brittle fracture is a serious
problem in minimum-weight pressure vessels. In general, as material
strength is increased in an effort to reduce the weight of material
required, the material becomes more notch~sensitive and subject to
failure resulting from stress concentrations or small material
defects. Experimental studies are being made on the notch sensi-
tivity of a wide variety of materials fTor a range of temperature
down to that of liquid hydrogen. In addition, burst tests are being
conducted on subscale bressure vessels for the same range of temp-
eratures, and efforts are being made to correlate tensile specimen

A===§=Eiiiiillr'bv-b
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tests with the strength potential of the same materials in pressure
vessels. This information should be of use 1n deslgning pressurized
structures in Apollo.

(5) Supernlloys research - Research 1s being conducted on
superalloys that have usetul strengths for temperatures up to
2,000O P. Experimental alloys developed at LeRC have demonstrated
high-temperature strengths considerably superior to commercial
alloys presently available. Alloys of thils ftype could possibly
£ind use in areas subject to aerodynsmic heating during reentry.

(€) Refractory materials research - Research is being conducted
on metals and ceramics having the highest known melting points.
These include tungsten (6,1700 F), hafnium carbide (7,2000 F) and
tantalum carbide (7OOO.F). With further development these materials
may find use on hot reentry astructures. The research on tungsten is
aimed at improving its workability and toughness. Research on sur-
face finishes and improved purity have shown that under the proper
conditions, marked increases in ductibility are possible. Very
little is presently known about the physical properties of the two
highest melting ceramics known (HfC and TaC). Experimental deter-
mination of their physical properties at temperatures up to

O s
5,000" F is underway.

e. Marshall Space Flight Center (MSFC).-

(1) Structures - Presently at MSFC no work directly related to
the Apollo capsule is underway in the field of structural design.
However, investigations have been made or are underway with respect
to the adaptability of the Saturn vehicle for use in the Apollo
program.

(a) Load computation - Within these activities a pre-
liminary load computation has been completed for a Saturn C-2
vehicle configuration, carrying the Apollo payload and using an
S-T stage for 650,000 1bs of propellants, an S-II stage and an
S-TV stage. Total vehicle length including Apollo was assumed
to be 2,&30 inches. On-pad and flight-loading conditions have
been studied. The results have been summarized in 2 confiden-
tial NASA-MSFC internal memorandum, SD No. 18, datcd November 159,
1960. This is preliminary data, but gives information about
expeated loads dnring "on-pad time" and during powered Stage-I
flight. Available upon request from MSFC technical library or
from MSFC, Otructures and Mechanics Divislon, Structures Branch.

(b) Pressure conncetions - Flange connections of pressure
lines, manhole covers of pressure vessels and other similar
pressure connections in guided missile systems as well as
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other space vehicle structurces, being subjected to large changes
in temperature (in particular, tempervaturce drops from room
temperature down to ligmid-~oxyren or lLiquid-hydrogsen tempera-
tures) hove bheen and still are Lrouble opots with respect to
likelihood of the development oC lenks and the reosulting fire
and explosion hazards, ALl cofforts oxpended so far to develop
comections with absolnte pressure bighiness resulted in
certain improvements, but not in a 100-percent solution of the
problem. At present, onr ontside contract work is planned at
MSTC for a thorough investigation of this problem from the
analytical and from the design (flange design as well as seal
design) aspect. SFC considers this leakage problem as
especially severe Tor space structures since they have to
operate not only under adverse environmental conditions such
as vacuum and temperature environment, but have to stay tight
over extremely large flight times compared to our present
IRBM's and ICEM's.

(2) Materials ~ The following materials research work,
applicable to a certain extent to the Apollo program, is either
already accomplished or still underway in the Materials Branch of
the Structures and Mechanics Division of M3¥C. The report numbers
and dates of publication are given with the rescarch subjects
below. These reports may be ordered through the Technical Library
of AOMC, or the Technical Library of M3IC.

(a) Diffusion of gases through materials - It is well
known that many gases will diffuse slowly through engineering
materials. The diffusion rate is dependent not only upon
temperature and pressure differential but also on the nature
of the gas and material. Other factors being constant,
diffusion rate is inversely proportional to the square root
of the molecular weight of the gas. Hydrogen is the lowest
molecular weight gas and is being considered widely as a
propellant for chemical and nuclear rocket propulsion. For
these reasons, primary attention has been placed on determina-
tion of the rate of diffusion of hydrogen through materials.
Although considerable research has been reported on the mechari-
ism of diffusion, almost all of this work was devoted to
studics on pure materials. Very little experimental infoima-
tion is available on enginccring materials.

After initial attempto to determine diffusion coefficients
by measurement of prossure losses in a sealed container were
unsuceessful, o method based upon mass spectrometric determina-
tion of cogses diffusing throuch a membirane of the test material

into a vacuum was developed.  Accurncy and precision ol thico

o
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method were verified by comparison of cxperimental and
literature values For the diffusion coefficient of hydrofen
through palladium. The diffusion coeff{icients of hydrogen
throngh nickel and type 301 stainless steel were found to be

L A=10 .- =7 ) 2 ,
1.9 x 10 and 5.0 x 10 ( co (07P) sec/cm(/mm thickness/mm
pressure, respectively. The diffusion coefficlients of aluminum

, -1
and type 302 stainless steel were below 2.9 x 10 7 cc (STP)

2]
— . v . .
sec/em” /mm thickness/mn pressure, i.e., the limit of sensitivity

of this method.

These results indicate loss of hydrogen by diffusion
through aluminum or type 302 stainless steel containers for
space applications probaebly will be negligible in comparison
to ordinary leakages which usually are present. Assuming the
most drastic conditions which may be expected, it 1s indicated
that almost 4,000,000 years would be required to lose 1 percent
(wt) of liquid HQ by this process. However, the time

required to significantly reduce the effectiveness of vacuum
Jacket insulation schemes will be far shorter than that for
l-percent weight loss to occur. This factor is much more
critical since once insulation becomes markedly reduced, the
boiloff rate of liquid hydrogen will increase greatly, thus
leading to vessel rupture or excessive loss by venting. Again,
using the most drastic conditions which can be anticipated, it
can be calculated that the start of deterioration of vacuum-
type insulation effectiveness will be between approximately

!
100 days and T X lOLL years, and will be essentially complete

between 27.5 and 7T x 1016 years. The first value stated for
each of the above cases (start and completion) are based upon
the maximum diffusion coefficient of stainless steel or
aluminum as determined experimentally in this program and the
latter values are hased on dubious extrapolations from the
literature values of the diffusion ccoefficient for aluminum.

More sensitive methods of detcrmination of diffusion rates
of hydrogen through engineering materials are cessential in
order to predict more accuralely the lifetime of insulation
schemes employing vacuum Jjaockebs.

(b) Compatibility of engineering materials with space
environment - One of the most imporiant considerations for the
selection of a material to be used in the space cenvironment is
compatibility with ultrahigh vacuum. For this reason, a means
was devcloped for determining the evaporation rate of materials
under conditions of high vacuum and temperature.

ST
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Btudies on pure compounds showed that the theoretical
explanation of the mechanism oi evaporation of materials at
elevated temperatures con be applicd to the cvoluation of the
compatibility of cnginceving materials with reduced pressures
at ambient temperatures. In the latter case, however, the
rate of evaporation will decrease to a constant value because
heat is not supplicd to the gample to maintain the temperature
at its initial valuc.

Extrapolation of data available in the literature on the
evaporation rates of pure metal at clevated temperatures
indicates that the evaporation of some mebals in space may be
of more importance than chenges in mechanical properties in
limiting their vseful temperature range over an extended
period of time.

Five vacuum systems were developed and tested for evaluvat-
ing the vacuum compatibility of materials. The combination of
these systems provided a capability of producing environments

n D ~10
at pressures cf 10 to 10 mm Hg and temperatures up Lo

150° ¢. By incorporating an electronic balance into a vacuum
system, the rate of weight loss, i.e., rate of evaporation
could be determined continuously.

ity of materials with vacuum was investi-

manmer. Initial tests were made at ambient
3

temperaturce in o system capable of reaching 1077 mmn Hg. Those

materials which 1ozt no appreciable weight under these condi-

tions were retested at 50° ¢ end 100° ¢ in the same systen.

The best materials cereened on the basis of test in this system

were tested and culled similarly in systems capable of

e =10

. Lo
1C and finally 10 mm .
3 3 b {3

The
gated in
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107, 167

ccause the ;reat mmber and variety of engineering
materials which woy be cmployed in the space environment
precluded testing of oll within a feasible time or effort,
only those materizls which were under active consideration for
such use, and were guspected of having appreciable vapor
pressures, werce selected for experimental lesting.

fvperimental results indicate that Teflon probably is the
most satisfachory of orpanic-bype materials with respect to
evaporation in vamwm.  Mylor, with or without an aluminum
) . . v AP :
coating, is sabisfuctory at Lomperatures below 1007 €. Organic
insulations on electrical wiring fov gpace spplications should

i
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be checked for vecuum compatibility. It was found in several
instances that the plasticizer volatilized, causing severe
embrittlement of the insulation and depositing an oily film
on cooler surfaces where it condensed. Most lubricants par-
tially volatilized in vacuum. This effect, however, is not
necessarily detrimental. Thus, vacuum compatibility tests on
lubricents preferably should be done while in use under
simulated service conditions.

(c) Effect of space environment on the extreme pressure
qualities of lubricants - The wear charascteristics and load-
carrying capacities of a petroleum 0il and a synthetic oil,
with various extreme pressure compounds added, were studied
under boundary lubrication conditions at reduced atmospheric
pressure and 1n an inert atmosphere. Results of this work
indicated that the lubricating properties of the oils tested
were not changed when operating in an stmosphere of nitrogen.
However, the lubricating gualities of the petroleum-based oils
were drastically reduced when subjected to an absolute pressure
of 20 microns of mercury. The lubricity and load~carrying
capaclity of the synthetic-based lubricants were only slightly
reduced at the lower atmospheric pressure. This work has
shown that the loss of lubricants by evaporation is not the
only problem associated with the reduction of atmospheric
pressure, but that deterioration of wear characteristics and
load-carrying capacity of lubricants can occur at environmental
pressure higher then where evaporation would became a serious
problem.

(a) Effects of space environment on certain physical and
chemical properties of materials - (Report No. MIP-M-MS-IP-60-1,
being published at the present time.)

The effects of the space environment on materials must
be studied and understood before highly reliable space flight
cen be realized. Since it is impractical, if not impossible,
to create the total enviromment of space in the laboratory, it
is necessary to study the effects of those components of the
space environment which can be simulated in the laboratory and
especially those which are expected to have the greatest
detrimental effects on materials. The vacuum component of -
space is probebly the most easily similated, and is believed
to be the major contributor to the degradation of the inorgenic
materials. Therefore, the study of the effect of vacuum on
materials constituted the major portion of this program.
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The propram was divided into three parts, defined as
follows:

PART T The Effect of High-Vacium Conditions on the

Totipgue Properties ol Mctals
PART IT ~ The Elfect of Vacuum on Lubrication

PART TIT An Investication of Bonding Forces Through

Evaporation

The parts were gtudied individually and separate progress
reports were prepared on each part. However, the results of
each part were corrclated with those of the other. PART III
wae designed to support PARTS I and IT.

PART I - An investigation to determine the influence of
reduced pressures on the fatigue properties of several metals
at room temperature indicated that, by the reduction of oxygen,
the fatigue properties of some melals can be improved. Fatigue
1ife under vacuwn conditions may be ten times grealer than at
corresponding ctress levels in alr. Increased falipue pro-
perties in reduced pressures depend upon the oxygen affinity of
the particular metal. By the elimination of oxide film forma-
tion on crack walls or the reduction of oxygen diffusion at the
crack front, the rate of crack propagation can be substantially
reduced by vacuum conditions.

PART IT - The parameters whicn contribute to successful
lubrication in the space envirorment were investigoted.
Special equipment, designed specifically for this purpose,
permitted the coefficient of friction of a running bearing to
be monitored for the life of the bearing while exposed to a

pressure of lO_C me of mercury. Blectbroplated silver Tilms,
in varying thicknessec, were used exclusively in tho experi-
mental. program in order to evaluatc an optimum thickness of
the lubricant film. Other paramecters studied included:

(l) surface finish, (2) surface cleanliness, (5) adherence ol
lubricating [ilm Lo heoring, and (}) tLelerance between
rotating boaring componcnts.,  Inibial testing considered pure
sliding Triction as experienced in slceve bearings with later
work devobed to combined sliding and rolling friction as
exporienced in Lall bearings.

It should be noted that this strdy did not include any
petrolenm base or synthetic-bosed lubricants as studied undev

ARPA order G2-H0.
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PART IIT -~ This investipgation was undertaken to mcasure
the bonding force betwecn oxide and metal by 2 method which
avoids the utilization of mechanical testing devices. The
method is dependent upon the variation of the evaporation rate,
as a fanction of film thickness, of a thin metal film (few
Angstroms in thickness) deposited on its oxide., The equipment
used is described, and this equipment was designed so that the
change in apparent vapor pressure with time could be determined.
f'rom this change in vapor pregsure, the bonding energy between
aluminum and aluminum oxide was determined.

The presentation of the results of these studies of the
effects of the space environment on certain physical and
chemical properties of materials does not imply that the
problems have been solved; to the contrary, the effort has
been successful primarily in defining the magnitude of the
problen.



